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Abstract 
This dissertation is subdivided into three independent chapters on low temperature 
thermochronology. In chapter one a new methodology is presented for dating zircon 
using the fission-track technique. Chapters two and three describe experiments and 
modeling to determine the diffusion kinetics of Ar and Ne in lunar impact glass. 
Fission-track dating relies on counting the number linear zones of radiation 
damage in a crystal produced from the spontaneous fission of 238U. These zones of 
damage are called fission-tracks. The electron microprobe is used to determine the 238U 
concentration and image fission-tracks using a backscatter electron detector from an 
internally exposed surface of a zircon crystal. Using these two pieces of information and 
suitable correction procedures fission-track ages are calculated. Five rapidly cooled 
samples of known age were dated with the electron probe fission-track method and 
compared with ages obtained from other geochronologic methods. All of the electron 
microprobe fission-track ages are within two sigma uncertainty of published radiometric 
ages on the same samples suggesting the technique is robust. This new method provides 
an increase in single grain precision, avoids radiation hazards associated with the 
traditional external detector method, and allows trace elements to be determined. Using 
the electron probe fission-track method the operator may be able to count much higher 
track densities (i.e., older and/or higher [U] zircons). Zircons with high track densities are 
not dateable using an optical microscope which opens up the technique may be used to 
date previously uncountable zircon populations. 
 Impact glass spherules collected during the Apollo missions were used to date the 
timing of impact events on the Moon with the 40Ar/39Ar method. One of the assumptions 
 
  
made in interpreting apparent 40Ar/39Ar ages as crystallization ages is that the glass must 
have remained closed to the loss of radiogenic argon (40Ar*) since its formation. If 40Ar* 
diffuses out of impact glasses at the lunar surface then the apparent 40Ar/39Ar age will be 
younger than the age of formation. In chapter two a diffusion experiment was performed 
on a large (1,650 μm diameter) Apollo 16 spherule, where the diffusion kinetics for 39Ar 
are log(D0/a
2)=-6.20 ± 0.17 s-1 and Ea=19.03 ± 0.55 kcal mol
-1. Subsequent modeling 
using these kinetics show that grain size and length of exposure on the lunar surface are 
the most sensitive parameters in determining if 40Ar* is lost from spherules after 
formation. When buried at depths >20 mm in the lunar regolith the spherules lose little 
40Ar*. However when exposed in the upper 20 mm for 20-40 Myr between 40-90% of 
40Ar* is lost from a spherule with a diameter of 125 μm. These results indicate small 
(<400 μm diameter) spherules and spherules which have spent prolonged (>20 Myr) 
periods in the upper 20 mm of the lunar regolith will not preserve the 40Ar/39Ar age 
corresponding to the time of impact. This implies future studies should focus on dating 
spherules from the large (>1,000 μm diameter) grain size fraction. These results suggest 
one possible explanation for the plethora of young (<1 Ga) 40Ar/39Ar ages in existing 
studies. 
 By measuring the concentration of 21Ne in grains in the lunar regolith the 
residence time in the upper ~1 m can be calculated. These exposure ages can be used to 
refine the rate of erosion in the lunar regolith and the rate of regolith turnover. Lunar 
materials such as glasses accumulate galactic cosmogenic nuclides such as 21Ne over time 
and are plentiful in the lunar regolith. Before interpreting 21Ne exposure ages the 
assumption that Ne does not diffuse from the glasses at ambient lunar surface 
 
  
temperatures must be verified or the 21Ne exposure age will be younger than the true 
exposure age. In chapter 3 Apollo 16 impact glass and synthetic tachylite are used to 
determine Ne diffusion kinetics. Solar wind degassed from the Apollo 16 glass has the 
following kinetics: 20Ne: 38.37 ± 2.38 kcal/mol, log(D0/a
2)=6.55 ± 0.93 s-1; 21Ne: 37.20 ± 
2.19 kcal/mol, log(D0/a
2)=5.02 ± 0.85 s-1; 22Ne: 38.94 ± 2.39 kcal/mol, log(D0/a
2)=6.70 ± 
0.93 s-1. Synthetic tachylite was irradiated with fast neutrons in order to have a material 
with a single component of Ne that was homogeneously distributed which could be 
compared with the lunar glass. The synthetic tachylite has the following kinetics: 
log(D0/a
2 20Ne: 21.97 ± 0.37 kcal/mol, log(D0/a
2)=0.92 ± 0.13 s-1; 21Ne: 25.78 ± 0.34 
kcal/mol, log(D0/a
2)=2.32 ± 0.12 s-1; 22Ne: 25.08 ± 0.35 kcal/mol, log(D0/a
2)=2.12 ± 0.12 
s-1). The diffusion kinetics from these two materials differ significantly. The differences 
in kinetics could be attributed to difference in the material properties, either from 
radiation damage, or from differences in the Ne generation process (i.e., solar wind 
implantation or neutron induced formation in situ). Modeling the kinetics of solar wind 
implanted Ne shows this Ne component is closed to diffusive loss while buried in the 
lunar regolith, while at the surface 100% loss of Ne occurs after ~5 - ~60 Myr of 
exposure depending on the grain size. It is not possible to ascertain which kinetics would 
best predict the loss of 21Ne cosmogenic as the reason for the different kinetics between 
the lunar glass and tachylite is unknown. Modeling of experimentally derived kinetics 
from implanted solar wind Ne show lunar glass is open to loss on Myr timescales at lunar 
surface conditions.  
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Chapter 1 
On The Development of Electron Microprobe Zircon Fission-Track Geochronology 
Abstract 
The fission-track method has been applied for decades to quantify rates and 
timing of processes in the shallow crust. The most widely used approach, the external 
detector method, involves counting fission-tracks, a daughter product from the 
spontaneous fission of 238U, and a paired set of induced tracks (parent proxy) from the 
thermal neutron irradiation of 235U. We propose an alternate method of dating zircons 
through using an electron microprobe to directly measure uranium concentration [U] and 
counting the number of spontaneous fission-tracks or etch figures that intersect the 
surface of the crystal using an electron backscatter detector. Experimental conditions for 
measuring [U] in this new approach are adapted from those used for monazite U/Pb 
chemical dating. The electron microprobe fission-track (EP-FT) method is applied to five 
samples of rapidly cooled Cenozoic and Mesozoic zircons widely used as standards: the 
Fish Canyon Tuff, Peach Springs Tuff, Buluk Member of the Bakata Formation (tuff), 
Tardee Rhyolite, and Mt. Dromedary Complex (hypabyssal granite).  All samples yield 
ages that overlap within two standard deviations of published reference ages determined 
from radiometric techniques (i.e., K/Ar, 40Ar/39Ar, and U/Pb) and also including the 
traditional fission-track external detector method. To correct for poorly constrained 
parameters such as the spontaneous fission decay constant, weight to volume percent 
conversions, etching efficiency, and selection bias, we calculate a preliminary Z 
proportionality factor of 4469.40 ± 661.65 (1σ). The EP-FT technique avoids the hazard 
and expense of thermal neutron irradiation, allows simultaneous chemical compositions 
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to be determined, removes the step of counting an external detector manually, and will 
likely allow much higher track densities to be counted than would be normally possible 
with optical microscopy. 
Key words: zircon, fission-track, electron microprobe, EPMA, ZFT, EP-FT 
1.0 Introduction 
 Zircon fission-track dating is one of many low temperature thermochronologic 
techniques  applied to tectonics, landscape evolution, tephrochronology, and provenance 
studies (e.g., Naeser et al., 1973; Seward, 1979; Naeser et al., 1987; Brandon and Vance, 
1992; Roden et al., 1993; Seward and Kohn, 1997; Brandon et al., 1998; Brix et al., 2002; 
Bernet et al., 2004; Bernet et al., 2009). In its simplest application, a zircon fission-track 
age constrains the amount of time since that zircon grain cooled through a closure 
temperature (Dodson, 1973; Dodson, 1979).  The closure temperatures range from 
~300°C to 180°C (Gleadow and Brooks, 1979; Hurford, 1986a; Yamada et al., 1995; 
Brandon et al., 1998; Tagami et al., 1998; Rahn et al., 2004; Garver et al., 2005; Bernet, 
2009) and are inferred to be dependent on the amount of accumulated radiation damage 
in the lattice structure (Kasuya and Naeser, 1988; Garver et al., 2005). Zircon fission-
track (ZFT) dating has existed for ~50 years, yet new advances in electron microbeam 
technology permit the extension of this technique to populations of zircon that are not 
dateable with traditional methods because of their high U or very old age and hence 
accumulated damage. The most common method, the external detector method (EDM), 
has the advantages of being able to detect very low (ppb) levels of U, requiring relatively 
little analytical equipment but requires thermal neutron irradiation, which requires 
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handling radioactive materials, access to a research reactor with a high thermal/fast 
neutron flux, and the time to send a sample for irradiation. The electron probe fission-
track (EP-FT) technique does not rely on thermal neutron irradiation. This provides a 
good reason to develop the EP-FT technique as the number of suitable research reactors 
is diminishing and radiation hazards and licensing may also add additional levels of 
complexity to the technique. The EP-FT method also overcomes challenges associated 
with the laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 
technique in that it is non-destructive, eliminates the need for precise alignment (hence 
one can count tracks in a zoned zircons with great ease), and potentially allows higher 
track densities to be imaged than what could traditionally be counted using an optical 
microscope. Trace actinides that are important to determining total radiation damage and 
annealing behavior (i.e. U, Th) are simultaneously measured so progress may be made in 
understanding the relationship between annealing and composition and/or radiation 
damage. 
The recent development of LA-ICP-MS FT dating (Svojtka and Kosler, 2002; 
Hasebe et al., 2004; Donelick et al., 2006; Hadler et al., 2009; Hasebe et al., 2009; 
Hasebe et al., 2011), chemical isochron U/Pb dating (e.g. Suzuki and Adachi, 1991; Kato 
et al., 1997; Suzuki and Kato, 2008) and chemical U/Pb dating (Williams et al., 1999; 
Pyle et al., 2002; Spear and Pyle, 2002; Goncalves et al., 2005; Jercinovic and Williams, 
2005; Pyle et al., 2005; Spear et al., 2009; Sánchez et al., 2011) are utilized in the EP-FT 
technique as we are able to adapt and modify relevant procedures associated with each of 
these methods. Preliminary work has been conducted previously into using EPMA for 
monazite fission-track dating using a modification on the absolute age equations (Fayon 
   
  4
and Baird, 2005; Fayon, 2008; Fayon et al., 2011). In this paper we develop the basis for 
EP-FT dating through  a robust treatment of the analytical conditions, decay constant 
biases, and statistics required for the development of the electron microprobe zircon 
fission track technique. 
2.0 Background: Fission-track Dating 
Fission-track dating relies on counting linear damage zones within geologic 
insulator materials such as glass, apatite, titanite, or zircon (Price and Walker, 1962; 
Fleischer and Price, 1964b; Fleischer and Price, 1964c; Fleischer et al., 1964) formed 
from the spontaneous fission of 238U. The localized ionization of fission-tracks occurs 
from damage by two heavy ions typically different in mass and energy produced from 
fission (Fleischer et al., 1965; Rana, 2007; Rabone et al., 2008). Damaged regions are 
etched with a chemical etchant (KOH:NaOH for zircon, HNO3 for apatite, HF for mica) 
(Patel and Ramanathan, 1962; Naeser, 1967; Gleadow et al., 1976; Garver, 2003; 
Donelick et al., 2005) to make the tracks larger, and hence visible using an optical 
microscope at high magnification (1000-2000x). The fission-tracks produced naturally 
represent the daughter products of radioactive decay and can be counted once etched. 
There are several variations on the EDM used to determine the ratio of 238U (parent) to 
the number of tracks (e.g., Naeser, 1976; Gleadow, 1981; Jonckheere et al., 2003). The 
EDM involves  irradiation of the sample with thermal neutrons in a nuclear reactor (Price 
and Walker, 1962) which induce fission of 235U but not of 238U. Because the natural 
235U/238U ratio is known a priori, the amount of parent, 238U, can be calculated from the 
density of induced tracks over a standard glass of known [U]. Mica or plastic external 
detectors in physical contact with the surface of the mineral record reactor-induced tracks 
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(Fleischer et al., 1975; Gleadow and Lovering, 1977; Green and Durrani, 1978; Wagner 
and Van den Haute, 1992). External detectors are subsequently chemically etched to 
reveal the number of induced tracks, which serve as the parent proxy of [238U] in each 
grain within the sample. The range of each fission fragment (R) does not need to be 
known explicitly because one is simply interested in the induced (reactor produced) to 
spontaneous (natural) ratio (Price and Walker, 1962).  
The EDM technique, however, can introduce errors that arise from poor contact 
between the detector and the crystal during irradiation and in misalignments, which may 
occur while counting the number spontaneous and induced tracks, or even accidentally 
cleaving of the external detector if mica is used. In its most simple form, the EDM also 
calls for understanding thermal neutron fluence in the reactor, the thermal neutron 
capture cross-section for 235U, and the spontaneous fission decay constant of 238U. All 
three parameters either have large uncertainty in their measurement or are poorly known, 
so a method of correction using a proportionality factor zeta (ζ) with reference to a 
standard of known age (Fleischer and Hart, 1972; Hurford and Green, 1983) has been 
recommended by the IUGS (Hurford, 1990) and is normally used to overcome these 
inherent complexities. Nonetheless, several laboratories determine these irradiation 
parameters explicitly (e.g., Hurford, 1986b; Enkelmann and Jonckheere, 2003; 
Enkelmann et al., 2005), but we do not.  
2.1 LA-ICP-MS Fission-Track Dating 
 Within the past decade, direct measurement of [U] without irradiation for use in 
fission-track dating has been under development through the use of LA-ICP-MS (Svojtka 
   
  6
and Kosler, 2002; Hasebe et al., 2004; Donelick et al., 2006; Hadler et al., 2009; Hasebe 
et al., 2009; Hasebe et al., 2011). The primary advantage in using LA-ICP-MS is that it 
eliminates the need to irradiate samples with thermal neutrons. This in turn eliminates the 
need to handle radioactive materials and improves turnaround time for dating material. 
Additionally, any irradiation variables are also eliminated and other elements of interest 
(i.e., Hf, Th, and REEs in zircon) can be simultaneously measured. Methods using both 
proportionality constants and “absolute” values where the decay constant and etching 
efficiency factors are explicitly stated have both been developed (Hasebe et al., 2004; 
Hasebe et al., 2011). A possible drawback when using fission-track LA-ICP-MS dating is 
the assumption that there is no variability in [U] between the volume the laser ablates and 
the integrated volume from which tracks emerge. This assumption limits the ability to 
quantify zonation at depth within the grain. The technique is also destructive on the scale 
of the laser spot, so alternative methods of capturing stacks of images prior to LA-ICP-
MS are beginning to be used to retain information about the tracks (Gleadow et al., 
2007).  Depending on how the LA-ICP-MS analysis is performed an assumption is 
commonly made that an isotope of one of the major elements in the matrix mineral (e.g., 
29Si in zircon) has a fixed abundance, and this major element isotope is used as an 
internal standard (Hasebe et al., 2009; Hasebe et al., 2011). To our knowledge, no studies 
have been published to substantiate the assumption of major element homogeneity across 
all zircons. 
2.2 The Fission-Track Age Equation 
 The density (ρ) of tracks is related to the area (A) in cm2, and the total number 
of tracks (N) by:  
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A
N

           
(1) 
Price and Walker (1963) describe the spontaneous fission-track density (ρs) on any 
surface from the initial range of the fission fragment (R0), the number of atoms/cm
3 (N0), 
the number of initial tracks (Ci), the number of visible tracks that cross a surface after 
etching (qi(z)), the age of the mineral (t), and the decay constants for spontaneous fission 
and alpha decay (λsf, and λα) using eq. 2. A simplifying assumption is normally made 
(Price and Walker, 1963) where the terms of λsf and λα are combined since λα>> λsf. We 
follow this standard herein and refer to λα+ λsf as λα.  
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 Equation 2 can be adapted to form an age equation that includes two types of 
track density: natural or spontaneous (ρs), and those tracks generated through thermal 
neutron irradiation (ρi). This equation assumes that there are no initial tracks at t=0 and 
no tracks arise from sources other than spontaneous fission of 238U (i.e., spallation, 
cosmic rays, fission of other isotopes, or secondary neutron or gamma interactions with 
heavy nuclei) (Price and Walker, 1963). By measuring two sets of tracks (ρs/ρi) as a 
proxy for the daughter/parent ratio (ρs/
238U) one avoids the need to explicitly calculate 

0
0
)(
R
i dzzq  in eq. 2.  This produces the relationship of (Fleischer et al., 1964): 

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
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Where n is the dose of thermal neutrons needed to produce a density of tracks where ρs is 
required to equal ρi, σ is the thermal neutron cross section of 
235U, I is the natural 
235U/238U abundance, t is the age, and f is a factor relating to the geometry, where 1 is an 
unpolished surface, and 2 is an internal surface originally exposed to tracks from above 
and below. 
 Equation 3 can be simplified by removing the terms relating to irradiation and 
removing the concept of track density, by using just the number of tracks over two equal 
areas as in the EDM. This is cast as the more familiar classical fission-track equation 
(Gleadow, 1974; Wagner and Van den Haute, 1992): 








 1ln
1
238
QGI
N
N
t
U
s
sf




        (4) 
Where Ns is the number of natural spontaneous tracks intersecting the surface of the 
crystal over the count area integrated over the depth 
0
0
)(
R
i dzzq , N238U is the number of 
238U 
atoms in this same volume, G is a geometry factor, (c.f.,  f), where 0.5 is the value for an 
internal surface (4π geometry) and 1 is the value for an external surface (2π geometry). 
The variable Q is a procedural factor, a combined term describing both the etching 
efficiency of a material and the observational variance of the operator (Jonckheere and 
Van den Haute, 2002). 
 When using eq. 3, five major sources of uncertainty are introduced: accurately 
measuring the flux of thermal neutrons, ascertaining the correct value of the 235U thermal 
neutron cross section, choosing the correct λsf value (see below), and counting uncertainty 
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in measuring ρs and ρi. The value of the spontaneous fission decay constant (λsf) is the 
largest source of uncertainty as values reported in the literature vary by up to 20% 
(Fleischer and Price, 1964a; Khan and Durrani, 1973; Thiel and Herr, 1976; Hurford and 
Gleadow, 1977; Bigazzi, 1981; Naeser et al., 1981; Hurford and Green, 1982; Green, 
1985; Wagner and Van den Haute, 1992). To reduce uncertainties associated with the 
decay constant, etching efficiency, and irradiation parameters, the concept of a Z factor 
was introduced (Fleischer and Hart, 1972; Hurford and Green, 1983). The Z factor serves 
as a proportionality constant determined by using a sample of known age and treating it 
in the exact same manner as the unknown and differs from the better known ζ factor in 
that it does not integrate irradiation factors within the value. 
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Where tstd is the age of a well-constrained standard determined using another 
geochronologic technique (most often K-Ar or 40Ar/39Ar). Substituting Z into eq. 4 this 
becomes: 
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Uncertainty from the procedural factor and λsf  are eliminated through this process as 
these variables are integrated into the Z term which in this case is an average of multiple 
Z determinations from multiple age standards. Note that here we use Ẑ (and all 
subsequent ‘hat’ notation) to imply that this is an estimate of the true value of a variable 
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that has variance, and this estimate is attained through multiple measurements of the 
value. 
2.2.1 Multi-Grain Ages 
 Fission-track thermochronology usually involves counting a number of single 
grain ages and combining them to develop a combined/aggregate age. There are three 
ways of constraining the age of a sample by combining multiple single grain ages. Single 
grain ages typically have a high variance and uncertainty due to the relatively low 
number of spontaneous and/or induced tracks. The pooled age uses a calculated age based 
on the sum of track counts from each individual grain. The arithmetic mean age is the 
simplest method and is a mean of the single grain ages (Green, 1981b). The central age is 
a weighted log normal mean of the single-grain distribution (Galbraith and Laslett, 1993). 
Here, we prefer to use the central age, which is normally indistinguishable from the 
pooled age within uncertainty when a population passes the χ2 test (Gallagher et al., 
1998). The central age is more sensitive to outliers while the pooled age is more sensitive 
to grains closer to the mean of a distribution. By combining data from multiple grains, a 
researcher is able to test if there are non-Poisson components through the use of the χ2 
test. By dating more grains and combining results the counting statistics on the final age 
can be improved reducing both variance and uncertainty. 
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 An iterative model for the determination of a central age is described in Galbraith 
(2005). This model estimates the mean (µ) and standard deviation (σ) from the log(ρi/ρs) 
data because an explicit formula is impossible to derive. In Galbraith (2010), this method 
was revised and an alternative approach used to calculate an intermediate value (ωj) 
based on LA-ICP-MS data before iterating to obtain the solution for the central age. 
Presented here are central ages calculated following the modified LA-ICP-MS central age 
calculation (Galbraith, 2010). The χ2 value test is used to determine if the data are “over-
dispersed,” that is, there is more variation observed in the data set than would be 
expected from Poisson counting statistics alone (Galbraith, 1981). Commonly the χ2 test 
is used to test if there are multiple age populations within a zircon sample. Here we use a 
χ2 threshold of 5 as the cutoff where samples with lower values are “over-
dispersed”(Galbraith, 1981; Green, 1981b; Brandon, 1992). 
2.3 Uncertainty in EPMA and Fission-Track Dating 
 As in any spectral analysis, EPMA requires that the number of counts on the peak 
of interest must be corrected for background noise. The background correction is done by 
determining offset positions and extrapolating between them to fit the background at the 
peak position in the wavelength-dispersed spectrum. When determining trace element 
values background fit is critical (Donovan et al., 2011). To determine a concentration in 
an unknown, a ratio is measured between the unknown concentration to the known 
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concentration in a standard (Castaing, 1951) of similar material. This approach is referred 
to as the K-ratio and is expressed as:
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       (7) 
where I is the intensity in counts/second/nA.  The K-ratio is then multiplied by standard 
correction factors to account for differences between the matrix of the unknown and the 
standard material. The ZAF (Castaing, 1951) and φ(ρz)(PAP) (Pouchou and Pichoir, 1984) 
corrections are commonly used to correct for these matrix effects. We use the PAP 
correction because the measured trace element determinations of the reference materials 
closely match reference values when a PAP correction is used.  
 In theory, uncertainty in EPMA is governed by X-ray count statistics and should 
follow a Poisson distribution although this has been debated in the literature (Ziebold, 
1967; Lisowiec, 2006). Here we assume the distribution is Poissonian, by assuming X-
ray counting is the primary source of variance. The uncertainty can be calculated through 
the following relationship where N is the number of counts, and t is time in seconds: 
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 Quantifying uncertainties in fission-track geochronometry follow several 
approaches (Johnson et al., 1979; Chaillou and Chambaudet, 1981; Galbraith, 1981; 
Green, 1981a; Green, 1981b; Galbraith, 1984; Galbraith and Laslett, 1985; Galbraith, 
2005). A simplified approach that is typically used in most fission track methods and is 
also used here assumes a Poisson distribution based upon Galbraith (2005), eq. 4.14, 
where ̂  is set to 0, assuming little [U] dispersion in the population. This assumption 
makes the equation as follows (where Ni are the number of induced tracks in an external 
detector and Nd is the number of induced tracks in a dosimeter glass): 
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Quantifying the uncertainty in the term )ˆ( follows the approach outlined in Tagami et 
al. (1988).   
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3.0 Theory: Age and Uncertainty Calculations with EP-FT 
 In this section we adapt the uncertainty propagation methods from EPMA and 
EDM fission-track geochronology and apply them to EP-FT dating. Electron probe 
fission-track dating uses eq. 5 and 6 exclusively as UN and Ns are determined through 
wavelength dispersive spectroscopy (WDS) and the number of spontaneous tracks (Ns) 
that intersect the surface forming etch figures are manually counted using a backscatter 
image. In the EP-FT approach counting is not limited to equal areas or typical grid 
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patterns thus ρs is used in lieu of Ns. Track counting areas are easily calculated with 
image processing software such as ImageJ (Schneider et al., 2012), which can also apply 
a variety of filters to help recognize etch figure features (Fig. 1). Although etch figures 
were manually counted in this study automatically counting etch figures in EP-FT dating 
is theoretically possible using image processing software (Gleadow et al., 2009) though 
we caution this should not be attempted without a manual review of the automated 
counting (e.g., Enkelmann et al., 2012). The filters suggested in Fig. 1 should be used as 
an aid to help the eye in manually counting the number of spontaneous etch figures and 
are not a replacement for a trained operator. Evaluation of dispersion through the χ2 test is 
similar to the approach used in LA-ICP-MS FT dating (Galbraith, 2010).   
 Propagation of uncertainty is similar to equations used for traditional FT dating, 
with slight modifications.  The uncertainty of the age is only affected by the components 
that have uncertainty, Z, NU and Ns. Thus the uncertainty on the single grain age is 
modified from eq. 9 where σ(N238U) is assumed to be a Poisson distribution given in 
238U 
ppm. 
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The uncertainty on Ẑ follows a similar form to eq. 10 and makes the same assumptions as 
eq. 11, however we pool the number of tracks and [U] determinations to create a single Z 
value for each standard where n is the number of grains in a sample. 
   
  15
 
 
 
2
2
1
238
1
238
1
)(
)(
)(
1
ˆ
)ˆ(


























std
std
n
i
istdU
n
i
istdU
n
i
is
t
t
N
N
NZ
Z 


    (12) 
Under the analytical conditions described in this study (see section 4.2 below) the 
uncertainties are remarkably consistent with the [U] 1σ ranging from 35-37 ppm. These 
uncertainties are largely independent of the measured [U], indicating background values 
limit precision in low U samples. By pooling the uncertainty values in the U 
measurement the total uncertainty does not decrease with more measurements like the Ns 
value does. Only increasing the counting time will increase the U precision, implying that 
this is an inherent limitation in calculating a pooled Z factor as outlined.  Further work is 
necessary to determine if the Z uncertainty from eq. 12 is an overestimation of the true Z 
uncertainty.
 
3.1 Correcting EPMA for Peak Overlaps and Interferences 
 The EP-FT method requires the measurement of a U X-ray line.  Measurement of 
this line requires correction from the interference associated with X-ray lines from other 
elements. Due to the simple crystal chemistry of zircon there are relatively few peak 
overlaps and interferences when compared to other minerals such as monazite (Pyle et 
al., 2002; Jercinovic and Williams, 2005; Spear et al., 2009). Two U X-ray lines UMα or 
UMβ can be used to determine [U] .The choice is determined by which type of electron 
microprobe detector is used. The primary interference on UMα is that of ThMβ. Because 
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zircon has far lower concentrations of Th than monazite, the UMα peak can be measured 
without significant interference, but what minor interference does occur must be 
corrected. This correction is achieved by finding the ratio of signal contributed from the 
ThMβ peak overlap to the signal at the UMα peak position, thereby allowing the ThMβ 
component of the UMα signal to be subtracted away by measuring the intensity of the 
ThMα peak. Microprobes with a sealed Xe detector can measure the UMα with the 
proper corrections outlined above, however the Ar escape peak from a P-10 gas flow 
detector (90% Ar, 10% CH4) will significantly interfere with measurement of the UMα 
line, and in this case UMβ must be used. The interference corrections are significantly 
less when ThMγ1 is the only interfering X-ray line. Using simulations with a Th/U ratio 
of 22.68 at 25 KeV in monazite this interference is ~0.08% on UMβ (Scherrer et al., 
2000). Due to the low Th/U in zircon, usually <1 (Hoskin and Schaltegger, 2003), this 
correction in most natural samples is normally very small imparting a total of <<1 ppm 
[U] underestimation in most zircons.   
3.1.2 Interferences – Geometry Effects 
 Geometry effects are a minor but relevant fact that must be considered when EP-
FT dating is conducted. Both φ(ρz)(PAP) and ZAF corrections assume a planer surface 
geometry. Deviation from this assumption occurs on etched surfaces with etch figures as 
the irregularities may scatter X-rays or change the nature of the interaction volume so the 
internal EPMA standards may behave differently when compared to etched samples 
under the electron beam. If track density is on the same order of magnitude for both 
standards and unknowns, then deviation caused from surface geometry effects will be 
systematic, and can be corrected for by using the Z factor.   
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 Only when large differences exist between the densities of tracks in the standard 
and the unknown is it likely that deviation caused from surface geometry effects will 
become an issue. One possible way to account for very large deviations is to analyze 
single spots on the standard and on the unknown that are more than ~ 1.5 µm (the 
approximate lateral X-ray interaction from Monte Carlo simulations) laterally away from 
an etch figure. This way the interaction volume of the spot will not be affected by the 
geometry of the etch figure. 
3.1.3 Choice of coating materials 
 There is little consensus about the proper coating material for EPMA trace 
element analysis in the literature. The most common coating material is C due to its 
ubiquity and relative simplicity to determine coat thickness using interference colors 
(Kerrick et al., 1973). Consequently, C has been adopted by several workers in the dating 
of monazite (e.g. Pyle et al., 2002) and is adopted here. Metal coats are an alternative 
coating medium and due to high beam currents required for EPMA analyses may be the 
more appropriate choice as shown by Jercinovic and Williams (2005) who demonstrated 
that signal intensity dropped over time under an electron beam from the vaporization of 
the C coat. These workers subsequently chose a layered coat of C followed by Al to 
avoid vaporization. Pure Al can also be a good choice for a coating medium due to its 
ability to handle high currents while still having a relatively low density (2.7 g/cm3). 
Metal coats such as Au and Au-Pd have a disadvantage in that X-rays emitted from the 
sample are far more attenuated than when lighter coating mediums such as C are used. To 
ameliorate the problem of C coat vaporization over time we alternate between measuring 
on-peak and on-background six times during each EPMA analysis to account for the 
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decreasing peak and background intensity over time.  These six individual background 
corrected X-ray collections are then summed for each analysis.  
3.2 Interaction Volume 
 Equation 2 indicates that fission-tracks that interact with the polished internal 
surface of a grain emerge from a depth, 
0
0
)(
R
i dzzq , over which the N238U needs to be 
determined. The electron microprobe does not interact over this entire depth. Instead it 
interacts with a depth that is dependent upon the material properties (largely controlled 
by density), and the accelerating voltage of the electron beam. From simulations in this 
study (see below) we show this depth in zircon is no more than 2 µm (using standard 
accelerating voltages from 15-25 Kv) with a tightly focused beam (Fig. 2). 
 Three models were produced to explore the effect of accelerating voltage on 
interaction volumes and signals (Fig. 2) over the range of 15-25 keV. Simulations of 
incident electrons and their interaction with the sample forming X-rays, back scattered 
electrons (BSE), and secondary electrons (SE) were modeled with the Monte Carlo 
simulation CASINO (Drouin et al., 2007) using 100,000 iterations per simulation. A 
model zircon of similar composition to the Smithsonian zircon reference material NMNH 
(National Museum of Natural History) 117288-3 was used with UO2 concentration of 
0.005% by weight, density of 4.6 g/cm3, and an assumed C coat of 250 nm. The physical 
parameters followed the default values, and the X-ray detector was set at a 40˚ angle. As 
summarized in Fig. 2 the non-absorbed component of X-rays peak at ~0.25 µm at 15 keV 
and ~0.4 µm in the other two models. The peak depth for BSE generation in zircons 
occurs at comparable depths. At 20 and 25 keV the electron beam’s interaction volume 
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penetrates significantly deeper into the sample (>1.5 µm) than at 15 keV. All of the 
beams are tightly constrained laterally and are comparable. This simulation explains why 
etched zircon BSE images at 25 keV reveal low-angle fission-tracks from the deepest 
interaction volume of the electron beam. 
 Using simulations like these above it is possible to calculate an effective volume 
and the number of U atoms within the interaction volume; however, this approach has 
inherent errors from the imprecision in the physical models used for electron sample 
interaction. A better approach would be one that does not rely on calculating the absolute 
value for N238U but instead could rely solely on a ratio of U to the number of fission-
tracks as is accomplished in eq. 3. 
3.3 Simplifying to Use U by Weight Percent  
 EPMA elemental values are normally reported as weight percent (wt%) of a 
material. While this is useful for many geological applications, eq. 3 requires the number 
of atoms per volume or a volume percent to calculate an age. Thus we have to either 
convert from one to the other or find an alternative solution. If instead of N238U a 
concentration such as ppm is used, one critical simplifying assumption must be made 
which is that the beam interaction depth and 
0
0
)(
R
i dzzq
 
have identical uranium 
concentrations (i.e., not stretching across chemical zones) and physical properties. Monte 
Carlo simulations described above (section 3.2) show that this is probably a valid 
assumption as long as the edge of a U zone does not occur within ~10 µm of the beam 
spot in 3D space (assuming an accelerating voltage of 15-25 keV). 
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 By using Z (eq. 3) the problem of reported values being in ppm by wt% and 
needing to know ppm by vol. % can be avoided by assuming the electron penetration 
depth is similar in both the standard and unknown, as wt% is proportional to the number 
of atoms for trace elements analysis. Although the interaction volume of X-rays and the 
depth from which tracks emerge are different, the proportion (Electron Interaction 
Volume)/ 
0
0
)(
R
i dzzq  should be fixed between standard and unknown. If the accelerating 
voltage is not constant or the density of the material significantly changes then this 
assumption is violated.   
4.0 Samples and Analysis – Etching Conditions and Zircon Sample Descriptions 
 Five samples were selected (Table 1) based on their known ages and rapid cooling 
histories. Four samples have previously reported fission-track ages in the literature and 
have previously been recommended as ZFT standards (Hurford, 1990; Wagner and Van 
den Haute, 1992). These carefully selected samples allow calibration of an accurate Z 
factor and also provide the opportunity to test the applicability of the EP-FT method on 
well-constrained samples. Mounts were made by pressing zircons into PFA Teflon® 
which was heated to ~350°C or just below the melting temperature. The Teflon® mounts 
were polished exposing internal surfaces with 9 μm, 3 μm, and 1 μm diamond polish 
sometimes followed by 0.3 μm Al2O3. Zircons were etched in a KOH:NaOH eutectic 
solution at ~228 ±1°C (Bernet and Garver, 2005). Zircons in each sample mount were 
progressively etched together until fission-tracks in a majority of the zircons were 
deemed to be well-etched through an examination utilizing optical microscopy at 1250x. 
This procedure ensures the etching procedure is uniform across all samples and will 
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account for differences in accumulated radiation damage or other etching variables in 
each sample (Garver, 2003). A constant etching efficiency is essential in applying a 
correct Z factor so the variation in Q between standard and unknown is minimized. 
Following etching, samples were rinsed in a 50% HF wash to remove residual etchant 
and flattened at ~150°C for several hours between two sheets of glass. 
4.1 Electron Beam Conditions, Internal Standards, and Reference Materials 
 To maximize X-ray counts, high current (200 nA) and accelerating voltage (25 
keV) were used for unknown materials. To prevent pulse height acquisition shifts 
between high concentration standards and low concentration trace elements in the 
unknowns (Spear et al., 2009) the current was reduced to 20 nA during standardization. 
Imaging of the zircons was conducted at 10 nA prior to WDS. X-ray counts for U were 
summed by simultaneously collecting X-rays using three LPET crystals. The Cameca 
SX100 software was configured to use channel bonding, where counts across multiple 
detectors are added to increase the total number of counts thereby reducing the total count 
time. X-rays from Th were measured using a single LPET crystal and all other elements 
used a TAP crystal. The use of channel bonding allowed extremely short acquisition 
times with 300 seconds on peak and 300 seconds determining backgrounds. The 
analytical protocol measured SiKα, ZrLα, HfMα, ThMα, and UMβ standardizing on 
synthetic ZrSiO4, HfSiO4, ThSiO4 (thorite), and UO2. The accuracy of trace element 
determinations were cross checked against two independently determined chemically 
homogeneous reference zircons, M127 with 923 ppm U (Nasdala et al., 2008) and 439 
ppm Th (L. Nasdala, Pers. Comm.) and H4 550 ± 2 ppm U, 107 ± 1 ppm Th (Nasdala et 
al., 2004). These zircons were measured periodically throughout each analytical session 
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to monitor instrumental drift. Any zircon that gave total oxide wt% values that was <97% 
or >103% was eliminated from the data (~3% of the total data set). 
5.0 Results and Discussion 
 In this section we report age determinations for five quickly cooled and well 
characterized igneous samples for which we already know the age, in order to test the EP-
FT approach. The mean Z factor calculated from seven standards and 115 zircons is 
4469.40 ± 661.65 (1σ) (Fig. 3).  The uncertainty on Ẑ  is ~15%. As more values for Ẑ are 
calculated the uncertainty will decrease. A value of ≥5 is used to determine if a sample 
passes the χ2 test. 
 Using the EP-FT method a central age of 26.8 ± 2.5 Ma (2σ) was obtained for 
zircon from Fish Canyon Tuff (Fig. 4). This EP-FT age is within error of the K/Ar Fish 
Canyon sanidine age of 28.305 ± 0.072 Ma (2σ) (Renne et al., 2010). The Peach Springs 
tuff central EP-FT age is 19.6 ± 1.8 Ma (2σ), in good agreement with the 40Ar/39Ar 
sanidine age of 18.78 ± 0.02 Ma (2σ) (Ferguson et al., 2013). Although the tuff is not an 
accepted standard material it meets the criteria outlined for a standard (Hurford and 
Green, 1983) and the sample also passes the χ2 test (χ2 of 47.51) indicating grains belong 
to a single population as we would expect. The Tardee Rhyolite has a calculated EP-FT 
central age of 63.2 ± 9.7 Ma (2σ) matching very well with the reference age of 61.3 ± 0.2 
(2σ) zircon U/Pb TIMS analysis (Ganerød et al., 2011). The large uncertainty is 
significantly enhanced by a single outlier zircon. The Tardee Rhyolite EP-FT age also 
passes the χ2 test (χ2 of 75.7). 
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 The Buluk member of the Bakata Formation gives a calculated EP-FT age of 18.3 
± 3.7 Ma (2σ), within error of the reference value 16.4 ± 0.4 Ma (2σ) based on K/Ar of 
potassium feldspar (McDougall and Watkins, 1985). The sample fails the χ2 test (χ2 value 
of 2.81), indicating more variation than would typically be accounted for solely by 
Poisson deviation alone. The possibilities to explain the variance are: 1) multiple zircon 
populations exist; 2) the single grain uncertainty has been underestimated; or 3) the 
components contributing to the age are not Poisson in distribution. We have tested the 
first assumption by attempting a binomial decomposition of the population that resulted 
in two near identical age populations. If other sources in the X-ray uncertainty exist the 
third option might be a possibility, however the underestimation of the uncertainty is the 
favored explanation for the failure of the χ2 test in this sample. The true uncertainty on 
the central age for this sample is probably greater than the estimate, or this sample 
belongs to the 5% that fail χ2 test even though they do belong to a single popualtion. 
Zircons from the Mt. Dromedary Intrusive Complex yield a central EP-FT age of 91.8 ± 
6.9 Ma (2σ). This compares to 98.5 ± 1.6 Ma (2σ) from a compilation of K/Ar values 
from many literature sources (Spell and McDougall, 2003). Thus the EP-FT age just 
overlaps within two standard deviations of uncertainty, however the sample passes the χ2 
test. 
To better evaluate the precision of EP-FT method, we compared our results to 
those obtained using the external detector method. Three samples (Fish Canyon Tuff, 
Peach Springs Tuff, and the Buluk Member of the Bakata Formation), routinely dated 
over the past four years in the Union College fission-track lab, are plotted for comparison 
with the results from this study (Fig. 5). Overall the EP-FT method shows equivalent or 
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better single-grain precision. The single- grain precision on the Buluk Member of the 
Bakata Formation is limited by moderate U and fairly young ages and thus low 
spontaneous track densities. As a result the EP-FT method yields equivalent single grain 
precision to the EDM in this sample. The samples with highest single-grain precision are 
those with high U and high track density. The precision limitation on these samples is the 
EPMA background and count times. Due to the near constant absolute uncertainty value 
(see section 3.0) the relative standard error is significantly reduced in higher U samples. 
As a result, moderate to high U zircon populations (>100 ppm U) will be the ideal 
samples for future EP-FT dating. This highlights the issue of standards with low [U] as 
one conclusion we have reached is the Buluk tuff is not as good as other standards for 
ZFT dating. 
 In both the Peach Springs Tuff and Fish Canyon Tuff, precision on single grains 
using EP-FT is limited to ~20% and is strongly affected by the ~15% uncertainty 
imparted from Ẑ . As previously noted, more determinations of the Z value for a single 
user will allow this uncertainty to decrease and single grain age precision to increase. 
 The ability of an electron instrument, with its high resolving power, to image 
higher track densities than with an optical microscope improves the precision in either 
old or high-U materials (Montario and Garver, 2008). Old or high-U zircons generally 
have significant amounts of accumulated radiation damage and thus lower closure 
temperatures (Naeser et al., 1987; Kasuya and Naeser, 1988; Garver et al., 2005). By 
dating high track density material this opens the future possibility of applying the ZFT 
technique to understand processes at lower temperature than previously possible. While 
the LaB6 filament and electron probe used in this study is not designed for high-
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resolution electron imaging in the way an SEM is, new generations of microprobes with 
field emission guns will certainly improve the resolving power and allow even higher 
track densities to be counted. This study shows that even using the non-ideal LaB6 
filament, average [U] zircons with track densities up to 2.5x107 tracks cm-2 were able to 
be counted. 
6.0 Conclusions 
 The EP-FT technique allows zircons to be dated with the electron microprobe by 
counting etch figures from the surface of zircons imaged with backscattered electrons 
combined with the [U] from WDS to calculate an age. The EP-FT technique has been 
shown to yield ages within error of the K/Ar, 40Ar/39Ar, or U/Pb ages on several ZFT 
standards and reference materials. The technique is not a replacement for the EDM, but 
instead is complementary. The EDM will always be more sensitive to low U 
concentrations as EPMA cannot rival the sensitivity of neutron activation analysis. 
However in many geologic applications EP-FT may be an advantageous technique due to 
its low cost, fast turnaround time, and samples that do not have to be irradiated. As the 
majority of the zircons in rocks have >50 ppm U, the EP-FT technique should be 
applicable to the majority of zircons yielding equal to, or better precision, when 
compared to the EDM. 
 The technique, especially when combined with field emission guns, opens up the 
future possibility to date heavily radiation-damaged zircons, which should have lower 
closure temperatures, and are generally older (Precambrian). These were only previously 
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datable with a high density EDM fission-track technique using an SEM (Montario and 
Garver, 2008; Montario and Garver, 2009).  
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Table 1. Zircons samples indicating age, location and etch time.  Etch times separated by 
a plus indicates they were taken out of the eutectic mixture at the elapsed time and then 
put back in the etchant for additional time. 
Sample Name and 
Abbreviation 
Geographic 
Location 
Accepted Age 
(Ma) (±1σ) 
Etch Time 
(hrs) 
Reference 
Mt. Dromedary 
Intrusive Complex – 
(MtD) 
NSW, AU 98.5 ± 0.8 10 (Spell and McDougall, 2003) 
Tardee Rhyolite – 
(TAR) 
NE Ireland 61.32 ± 0.05* 13 (Fitch and Hurford, 1977; Gamble 
et al., 1999; Ganerød et al., 2011) 
Fish Canyon Tuff – 
(FCT) 
CO, USA 28.305 ± 0.036* 26 (Renne et al., 1998; Tagami et al., 
2003; Renne et al., 2010) 
Peach Springs Tuff – 
(PST) 
Kingman, AZ 18.78 ± 0.01 28 (Ferguson et al., 2013) 
Buluk Member of the 
Bakata Formation 
(tuff) – (BLK) 
Bakata 
Valley, N. 
Kenya 
16.4 ± 0.2 ** (McDougall and Watkins, 1985; 
Miller et al., 1985; Hurford and 
Watkins, 1987) 
* Recently revised ages from previous accepted values in the literature 
**Etched in a previous experiment where etch time was not recorded 
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Figure 1. A schematic illustration of the track counting process. (A.) Zircon grains are 
selected after etching, BSE imaged, and then the X, Y, and Z coordinates of the center 
point are stored for later analysis at higher currents. (B.) An area  is selected from this 
image that is apparently homogeneous with respect to U, based on track density and the 
area is calculated using ImageJ using the calibrated scale from the microprobe. Examples 
of image analysis and filtering are shown in (C.), although image filters are not always 
needed to count the area selected in (C.) as often the BSE image provides sufficient 
clarity to resolve all tracks.  Note that in the BSE image has a ‘ghosting’ next to each 
track, this is due to a heavily used LaB6 filament in the SX100 that no longer comes to a 
sharp point at the tip. 
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Figure 2. Monte Carlo simulations of electron beam interaction with a typical zircon 
having 0.005 wt% U to test the effect of different accelerating voltages on interaction 
volumes. A.) This figure shows the φ(ρz) curve indicating that maximum signal and 
depth is similar under 20 and 25 keV conditions, but in all cases the region sampled is 
still <2μm from the surface.  B.) The inset shows the typical range from which back-
scattered electrons escape the sample. 
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Figure 3. The mean Z proportionality constant used to correct for unknowns in eq. 3 by 
comparison to samples of known age.  All of the standards analyzed yield consistent 
values that fall within one standard deviation of each other denoted by the one standard 
deviation uncertainty on each analysis.  Solid blue line is the mean Z, and the dashed blue 
line indicates the one standard deviation of the population. 
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Figure 4. Histograms showing the age distribution of EP-FT single grain age 
determinations. The light blue line and age denote the central age determination from the 
grain population. Green lines show the probability density estimate. 
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Figure 5. Radial plots comparing the EP-FT method with the external detector technique.  
In all three, test samples show single grain precision is equal to, or greater than, that 
attained using the external detector method.  The higher [U] samples result in increased 
precision as in the low U/young samples Ns is the factor, which limits precision. 
Limitations on precision are also imposed due the high uncertainty on Z, however with 
increased determinations of Z value this precision will improve.    
 
 
 
 
 
 
 
 
   
  33
7.0 References 
Bernet, M., 2009. A field-based estimate of the zircon fission-track closure temperature. 
Chemical Geology, 259(3-4): 181-189. 
Bernet, M. et al., 2009. Exhuming the Alps through time: clues from detrital zircon 
fission-track thermochronology. Basin Research, 21(6): 781-798. 
Bernet, M., Brandon, M.T., Garver, J.I., Molitor, B., 2004. Downstream changes of 
Alpine zircon fission-track ages in the Rhone and Rhine rivers. Journal of 
Sedimentary Research, 74(1): 82-94. 
Bernet, M., Garver, J.I., 2005. Fission-track analysis of detrital zircon. Reviews in 
Mineralogy and Geochemistry, 58(1): 205-237. 
Bigazzi, G., 1981. The problem of the decay constant  λf of 
238U. Nuclear Tracks, 5(1-2): 
35-44. 
Brandon, M.T., 1992. Decomposition of fission-track grain-age distributions. American 
Journal of Science, 292(8): 535-564. 
Brandon, M.T., Roden-Tice, M.K., Garver, J.I., 1998. Late Cenozoic exhumation of the 
Cascadia accretionary wedge in the Olympic Mountains, northwest Washington 
State. Geological Society of America Bulletin, 110(8): 985-1009. 
Brandon, M.T., Vance, J.A., 1992. Tectonic evolution of the Cenozoic Olympic 
subduction complex, Washington State, as deduced from fission track ages for 
detrital zircons. American Journal of Science, 292(8): 565-636. 
   
  34
Brix, M.R. et al., 2002. Thermobarometric data from a fossil zircon partial annealing 
zone in high pressure-low temperature rocks of eastern and central Crete, Greece. 
Tectonophysics, 349(1-4): 309-326. 
Castaing, R., 1951. Application des sondes électroniques à une méthode d'analyse 
ponctuelle chimique et cristallographique, Université de Paris, Paris. 
Chaillou, D., Chambaudet, A., 1981. Statistics of uranium fission-track counting. Nuclear 
Tracks, 5(1-2): 93-98. 
Dodson, M.H., 1973. Closure temperature in cooling geochronological and petrological 
systems. Contributions to Mineralogy and Petrology, 40(3): 259-274. 
Dodson, M.H., 1979. Theory of cooling ages. In: Jäger, E., Hunzinker, J.C. (Eds.), 
Lectures in isotope geology, pp. 194–202. 
Donelick, R.A., O'Sullivan, P.B., Ketcham, R.A., 2005. Apatite fission-track analysis. 
Reviews in Mineralogy and Geochemistry, 58(1): 49-94. 
Donelick, R.A., O'Sullivan, P.B., Ketcham, R.A., Hendriks, B.W.H., Redfield, T.F., 
2006. Relative U and Th concentrations from LA-ICP-MS for apatite Fission-
Track Grain-Age dating. Geochimica et Cosmochimica Acta, 70(18, Supplement 
1): A143-A143. 
Donovan, J.J., Lowers, H.A., Rusk, B.G., 2011. Improved electron probe microanalysis 
of trace elements in quartz. American Mineralogist, 96(2-3): 274-282. 
   
  35
Drouin, D. et al., 2007. CASINO V2.42—A Fast and Easy-to-use Modeling Tool for 
Scanning Electron Microscopy and Microanalysis Users. Scanning, 29(3): 92-
101. 
Enkelmann, E., Ehlers, T.A., Buck, G., Schatz, A.-K., 2012. Advantages and challenges 
of automated apatite fission track counting. Chemical Geology, 322–323(0): 278-
289. 
Enkelmann, E., Jonckheere, R., 2003. Correction factors for systematic errors related to 
the track counts in fission-track dating with the external detector method. 
Radiation Measurements, 36(1–6): 351-356. 
Enkelmann, E., Jonckheere, R., Wauschkuhn, B., 2005. Independent fission-track ages 
(-ages) of proposed and accepted apatite age standards and a comparison of -, 
Z-, ζ- and ζ0-ages: Implications for method calibration. Chemical Geology, 
222(3–4): 232-248. 
Fayon, A., Gombosi, D.J., Ruscitto, D., 2011. Fission Track Dating of Monazite: Etching 
Efficiencies As a Function of U Content, Geological Society of America 2011 
Annual Meeting. Geological Society of America, Minneapolis, MN, pp. 331. 
Fayon, A.K., 2008. An assessment of the feasibility of monazite as a fission-track 
thermochronometer. In: Garver, J.I., and Montario, M.J. (Editor), Proceedings 
from the 11th International Conference on thermochronometry, Anchorage, 
Alaska, pp. 71-72. 
   
  36
Fayon, A.K., Baird, G.B., 2005. No nukes: determining fission track ages from electron 
microprobe analysis, Geological Society of America Abstracts with Programs, 
Salt Lake City, pp. 199. 
Ferguson, C.A., McIntosh, W.C., Miller, C.F., 2013. Silver Creek caldera—The 
tectonically dismembered source of the Peach Spring Tuff. Geology, 41(1): 3-6. 
Fitch, F.J., Hurford, A.J., 1977. Fission track dating of the Tardree Rhyolite, Co. Antrim. 
Proceedings of the Geologists' Association, 88(4): 267-274. 
Fleischer, R.L., Hart, H.R., Jr., 1972. Fission track dating: techniques and problems. In: 
W.W. Bishop, D.A.M., S. Cole (Editor), Calibration of Hominoid Evolution. 
Scottish Academic Press, Edinburgh, pp. 135–170. 
Fleischer, R.L., Price, P.B., 1964a. Decay Constant for Spontaneous Fission of 238U. 
Physical Review, 133(1B): B63-B64. 
Fleischer, R.L., Price, P.B., 1964b. Glass Dating by Fission Fragment Tracks. Journal 
Geophysical Research, 69(2): 331-339. 
Fleischer, R.L., Price, P.B., 1964c. Techniques for geological dating of minerals by 
chemical etching of fission fragment tracks. Geochimica et Cosmochimica Acta, 
28(10-11): 1705-1712, IN3-IN21, 1713-1714. 
Fleischer, R.L., Price, P.B., Walker, R.M., 1964. Fission-Track Ages of Zircons. Journal 
Geophysical Research, 69(22): 4885-4888. 
   
  37
Fleischer, R.L., Price, P.B., Walker, R.M., 1965. Ion Explosion Spike Mechanism for 
Formation of Charged-Particle Tracks in Solids. Journal of Applied Physics, 
36(11): 3645-3652. 
Fleischer, R.L., Price, P.B., Walker, R.M., 1975. Nuclear tracks in solids: principles and 
applications. University of California Press, Berkeley, Calif.,, 626 pp. 
Galbraith, R., 2005. Statistics for fission track analysis. Chapman & Hall/CRC Press, 
University College London, UK, 219 pp. 
Galbraith, R., 2010. Statistics for LA-ICPMS fission track dating. In: Brown, R. et al. 
(Editors), 12th Internation Confrence on Thermochronology, Glasgow, UK, pp. 
175. 
Galbraith, R.F., 1981. On statistical models for fission track counts. Mathematical 
Geology, 13(6): 471-478. 
Galbraith, R.F., 1984. On statistical estimation in fission track dating. Mathematical 
Geology, 16(7): 653-669. 
Galbraith, R.F., Laslett, G.M., 1985. Some remarks on statistical estimation in fission-
track dating. Nuclear Tracks and Radiation Measurements, 10(3): 361-363. 
Galbraith, R.F., Laslett, G.M., 1993. Statistical models for mixed fission track ages. 
Nuclear tracks and radiation measurements(1993), 21(4): 459-470. 
   
  38
Gallagher, K., Brown, R., Johnson, C., 1998. Fission Track Analysis and Its Applications 
to Geological Problems. Annual Review of Earth and Planetary Sciences, 26(1): 
519-572. 
Gamble, J.A., Wysoczanski, R.J., Meighan, I.G., 1999. Constraints on the age of the 
British Tertiary Volcanic Province from ion microprobe U-Pb (SHRIMP) ages for 
acid igneous rocks from NE Ireland. Journal of the Geological Society, 156(2): 
291-299. 
Ganerød, M. et al., 2011. Geochronology of the Tardree Rhyolite Complex, Northern 
Ireland: Implications for zircon fission track studies, the North Atlantic Igneous 
Province and the age of the Fish Canyon sanidine standard. Chemical Geology, 
286(3-4): 222-228. 
Garver, J.I., 2003. Etching zircon age standards for fission-track analysis. Radiation 
Measurements, 37(1): 47-53. 
Garver, J.I., Reiners, P.W., Walker, L.J., Ramage, J.M., Perry, S.E., 2005. Implications 
for Timing of Andean Uplift from Thermal Resetting of Radiation-Damaged 
Zircon in the Cordillera Huayhuash, Northern Peru. The Journal of Geology, 
113(2): 117-138. 
Gleadow, A.J.W., 1974. Fission Track Dating and the Interpretation of Thermal and 
Tectonic Histories, University of Melbourne, Melbourne, 283 pp. 
Gleadow, A.J.W., 1981. Fission-track dating methods: What are the real alternatives? 
Nuclear Tracks, 5(1-2): 3-14. 
   
  39
Gleadow, A.J.W., Brooks, C.K., 1979. Fission track dating, thermal histories and 
tectonics of igneous intrusions in East Greenland. Contributions to Mineralogy 
and Petrology, 71(1): 45-60. 
Gleadow, A.J.W., Glasmacher, S.J., Kohn, B.P., Krochmal, M.S., 2007. Automated 
fission track dating of apatite and monazite by image analysis and ICP-MS. 
Geochimica et Cosmochimica Acta, 71(15, Supplement 1): A302-A366. 
Gleadow, A.J.W. et al., 2009. Coincidence mapping - a key strategy for the automatic 
counting of fission tracks in natural minerals. Geological Society, London, 
Special Publications, 324(1): 25-36. 
Gleadow, A.J.W., Hurford, A.J., Quaife, R.D., 1976. Fission track dating of zircon: 
Improved etching techniques. Earth and Planetary Science Letters, 33(2): 273-
276. 
Gleadow, A.J.W., Lovering, J.F., 1977. Geometry factor for external detectors in fission 
track dating. Nuclear Track Detection, 1(2): 99-106. 
Goncalves, P., Williams, M.L., Jercinovic, M.J., 2005. Electron-microprobe age mapping 
of monazite. American Mineralogist, 90(4): 578-585. 
Green, P.F., 1981a. A criticism of the paper entitled "A practical method of estimating 
standard error of age in the Fission track dating method" by Johnson, McGee and 
Naeser. Nuclear Tracks, 5(3): 317-323. 
   
  40
Green, P.F., 1981b. A new look at statistics in fission-track dating. Nuclear Tracks, 5(1-
2): 77-86. 
Green, P.F., 1985. Comparison of zeta calibration baselines for fission-track dating of 
apatite, zircon and sphene. Chemical Geology: Isotope Geoscience section, 58(1-
2): 1-22. 
Green, P.F., Durrani, S.A., 1978. A quantitative assessment of geometry factors for use in 
fission track studies. Nuclear Track Detection, 2(4): 207-213. 
Hadler, J.C. et al., 2009. Experimental study of a methodology for Fission-track Dating 
without neutron irradiation. Radiation Measurements, 44(9-10): 955-957. 
Hasebe, N., Arai, S., Tamura, A., 2011. Age equation for LA-ICP-MS FT dating: zeta 
equivalent calibration. Fission Track News Leter(24): 33-35. 
Hasebe, N., Barbarand, J., Jarvis, K., Carter, A., Hurford, A.J., 2004. Apatite fission-
track chronometry using laser ablation ICP-MS. Chemical Geology, 207(3-4): 
135-145. 
Hasebe, N., Carter, A., Hurford, A.J., Arai, S., 2009. The effect of chemical etching on 
LA-ICP-MS analysis in determining uranium concentration for fission-track 
chronometry. Geological Society, London, Special Publications, 324(1): 37-46. 
Hoskin, P.W.O., Schaltegger, U., 2003. The Composition of Zircon and Igneous and 
Metamorphic Petrogenesis. Reviews in Mineralogy and Geochemistry, 53(1): 27-
62. 
   
  41
Hurford, A.J., 1986a. Cooling and uplift patterns in the Lepontine Alps South Central 
Switzerland and an age of vertical movement on the Insubric fault line. 
Contributions to Mineralogy and Petrology, 92(4): 413-427. 
Hurford, A.J., 1986b. Standardization of fission track dating calibration: Results of 
questionnaire distributed by International Union of Geological Sciences 
Subcommission on Geochronology. International Journal of Radiation 
Applications and Instrumentation. Part D. Nuclear Tracks and Radiation 
Measurements, 11(6): 329-333. 
Hurford, A.J., 1990. International Union of Geological Sciences subcommission on 
geochronology recommendation for the standardization of fission track dating 
calibration and data reporting. International Journal of Radiation Applications and 
Instrumentation. Part D. Nuclear Tracks and Radiation Measurements, 17(3): 233-
236. 
Hurford, A.J., Gleadow, A.J.W., 1977. Calibration of fission track dating parameters. 
Nuclear Track Detection, 1(1): 41-48. 
Hurford, A.J., Green, P.F., 1982. A users' guide to fission track dating calibration. Earth 
and Planetary Science Letters, 59(2): 343-354. 
Hurford, A.J., Green, P.F., 1983. The zeta age calibration of fission-track dating. 
Chemical Geology, 1(4): 285-317. 
   
  42
Hurford, A.J., Watkins, R.T., 1987. Fission-track age of the tuffs of the Buluk member, 
Bakate Formation, Northern Kenya: A suitable fission-track age standard. 
Chemical Geology: Isotope Geoscience section, 66(3-4): 209-216. 
Jercinovic, M.J., Williams, M.L., 2005. Analytical perils (and progress) in electron 
microprobe trace element analysis applied to geochronology: Background 
acquisition, interferences, and beam irradiation effects. American Mineralogist, 
90(4): 526-546. 
Johnson, N.M., McGee, V.E., Naeser, C.W., 1979. A practical method of estimating 
standard error of age in the fission track dating method. Nuclear Tracks, 3(3): 93-
99. 
Jonckheere, R., Ratschbacher, L., Wagner, G.A., 2003. A repositioning technique for 
counting induced fission tracks in muscovite external detectors in single-grain 
dating of minerals with low and inhomogeneous uranium concentrations. 
Radiation Measurements, 37(3): 217-219. 
Jonckheere, R., Van den Haute, P., 2002. On the efficiency of fission-track counts in an 
internal and external apatite surface and in a muscovite external detector. 
Radiation Measurements, 35(1): 29-40. 
Kasuya, M., Naeser, C.W., 1988. The effect of-damage on fission-track annealing in 
zircon. International Journal of Radiation Applications and Instrumentation. Part 
D. Nuclear Tracks and Radiation Measurements, 14(4): 477-480. 
   
  43
Kato, T., Suzuki, K., Morishita, T., Yonezawa, C., 1997. CHIME ages of zircons in 
granitic gneiss and granite from Samilpo, southeastern Democratic People's 
Republic of Korea. The Journal of earth and planetary sciences, Nagoya 
University, 44: 61-69. 
Kerrick, D.M., Eminhizer, L.B., Villaume, J.F., 1973. The role of carbon film thickness 
in electron microprobe analysis. American Mineralogist, 58: 920-925. 
Khan, H.A., Durrani, S.A., 1973. Measurement of spontaneous-fission decay constant of 
238U with a mica solid state track detector. Radiation Effects, 17(1): 133-135. 
Lisowiec, N., 2006. Precision estimation in electron microprobe monazite dating: 
Repeated measurements versus statistical (Poisson) based calculations. Chemical 
Geology, 234(3-4): 223-235. 
McDougall, I., Watkins, R.T., 1985. Age of hominoid-bearing sequence at Buluk, 
northern Kenya. Nature, 318(6042): 175-178. 
Miller, D.S., Duddy, I.R., Green, P.F., Hurford, A.J., Naeser, C.W., 1985. Results of 
interlaboratory comparison of fission-track age standards: Fission-track 
workshop-1984. Nuclear Tracks and Radiation Measurements (1982), 10(3): 383-
391. 
Montario, M.J., Garver, J.I., 2008. Using scanning electron microscopy for high track-
density fission-track dating. In: Garver, J.I., and Montario, M.J. (Editor), 
Proceedings from the 11th International Conference on thermochronometry, 
Anchorage, Alaska, pp. 171-173. 
   
  44
Montario, M.J., Garver, J.I., 2009. The Thermal Evolution of the Grenville Terrane 
Revealed through U-Pb and Fission-Track Analysis of Detrital Zircon from 
Cambro-Ordovician Quartz Arenites of the Potsdam and Galway Formations. The 
Journal of Geology, 117(6): 595-614. 
Naeser, C.W., 1967. The use of apatite and sphene for fission track age determinations. 
Geological Society of America Bulletin, 78(12): 1523-1526. 
Naeser, C.W., 1976. Fission-track dating, US Geological Survey. 
Naeser, C.W., Izett, G.A., Wilcox, R.E., 1973. Zircon Fission-Track Ages of Pearlette 
Family Ash Beds in Meade County, Kansas. Geology, 1(2): 93-95. 
Naeser, C.W., Zimmermann, R.A., Cebula, G.T., 1981. Fission-track dating of apatite 
and zircon: An interlaboratory comparison. Nuclear Tracks, 5(1-2): 65-72. 
Naeser, N.D., Zeitler, P.K., Naeser, C.W., Cerveny, P.F., 1987. Provenance studies by 
fission-track dating of zircon-etching and counting procedures. International 
Journal of Radiation Applications and Instrumentation. Part D. Nuclear Tracks 
and Radiation Measurements, 13(2-3): 121-126. 
Nasdala, L. et al., 2008. Zircon M257- a Homogeneous Natural Reference Material for 
the Ion Microprobe U-Pb Analysis of Zircon. Geostandards and Geoanalytical 
Research, 32(3): 247-265. 
Nasdala, L. et al., 2004. Incomplete retention of radiation damage in zircon from Sri 
Lanka. American Mineralogist, 89(1): 219-231. 
   
  45
Patel, A.R., Ramanathan, S., 1962. Etching of mica cleavages. Acta Crystallographica, 
15(9): 860-862. 
Pouchou, J.L., Pichoir, F., 1984. A New Model for Quantitative X-Ray Microanalysis. I.-
-Application to the Analysis of Homogeneous Samples. Rech. Aerosp.(3): 167-
192. 
Price, P.B., Walker, R.M., 1962. Observation of Fossil Particle Tracks in Natural Micas. 
Nature, 196(4856): 732-734. 
Price, P.B., Walker, R.M., 1963. Fossil Tracks of Charged Particles in Mica and the Age 
of Minerals. Journal of Geophysical Research, 68(16): 4847-4862. 
Pyle, J.M., Spear, F.S., Wark, D.A., 2002. Electron microprobe analysis of REE in 
apatite, monazite and xenotime: protocols and pitfalls. Reviews in Mineralogy 
and Geochemistry, 48(1): 337-362. 
Pyle, J.M., Spear, F.S., Wark, D.A., Daniel, C.G., Storm, L.C., 2005. Contributions to 
precision and accuracy of monazite microprobe ages. American Mineralogist, 
90(4): 547-577. 
Rabone, J., Carter, A., Hurford, A., de Leeuw, N., 2008. Modelling the formation of 
fission tracks in apatite minerals using molecular dynamics simulations. Physics 
and Chemistry of Minerals, 35(10): 583-596. 
Rahn, M.K., Brandon, M.T., Batt, G.E., Garver, J.I., 2004. A zero-damage model for 
fission-track annealing in zircon. American Mineralogist, 89(4): 473-484. 
   
  46
Rana, M.A., 2007. A compound spike model for formation of nuclear tracks in solids. 
Nuclear Science and Techniques, 18(6): 349-353. 
Renne, P.R., Mundil, R., Balco, G., Min, K., Ludwig, K.R., 2010. Joint determination of 
40K decay constants and 40Ar*/40K for the Fish Canyon sanidine standard, and 
improved accuracy for 40Ar/39Ar geochronology. Geochimica et Cosmochimica 
Acta, 74(18): 5349-5367. 
Renne, P.R. et al., 1998. Intercalibration of standards, absolute ages and uncertainties in 
40Ar/39Ar dating. Chemical Geology, 145(1-2): 117-152. 
Roden, M.K., Elliott, W.C., Aronson, J.L., Miller, D.S., 1993. A Comparison of Fission-
Track Ages of Apatite and Zircon to the K/Ar Ages of Illite-Smectite (I/S) from 
Ordovician K-Bentonites, Southern Appalachian Basin. The Journal of Geology, 
101(5): 633-641. 
Sánchez, E., Carreras, A.C., Guereschi, A.B., Martino, R.D., Castellano, G., 2011. 
Wavelength-dispersive spectral analysis and quantification of monazites by 
electron-probe microanalysis. Spectrochimica Acta Part B: Atomic Spectroscopy, 
66(1): 67-73. 
Scherrer, N.C., Engi, M., Gnos, E., Jakob, V., Liechti, A., 2000. Monazite analysis; from 
sample preparation to microprobe age dating and REE quantification. Schweiz. 
Mineral. Petrogr. Mitt., 80: 93-105. 
Schneider, C.A., Rasband, W.S., Eliceiri, K.W., 2012. NIH Image to ImageJ: 25 years of 
image analysis. Nature Methods, 9(7): 671-675. 
   
  47
Seward, D., 1979. Comparison of zircon and glass fission-track ages from tephra 
horizons. Geology, 7(10): 479-482. 
Seward, D., Kohn, B.P., 1997. New zircon fission-track ages from New Zealand 
Quaternary tephra: an interlaboratory experiment and recommendations for the 
determination of young ages. Chemical Geology, 141(1-2): 127-140. 
Spear, F.S., Pyle, J.M., 2002. Apatite, Monazite, and Xenotime in Metamorphic Rocks. 
Reviews in Mineralogy and Geochemistry, 48(1): 293-335. 
Spear, F.S., Pyle, J.M., Cherniak, D., 2009. Limitations of chemical dating of monazite. 
Chemical Geology, 266(3-4): 227-239. 
Spell, T.L., McDougall, I., 2003. Characterization and calibration of 40Ar/39Ar dating 
standards. Chemical Geology, 198(3-4): 189-211. 
Suzuki, K., Adachi, M., 1991. Precambrian provenance and Silurian metamorphism of 
the Tsubonosawa paragneiss in the South Kitakami terrane, Northeast Japan, 
revealed by the chemical Th-U-total Pb isochron ages of monazite, zircon and 
xenotime Geochemical Journal, 25(5): 357-376. 
Suzuki, K., Kato, T., 2008. CHIME dating of monazite, xenotime, zircon and polycrase: 
Protocol, pitfalls and chemical criterion of possibly discordant age data. 
Gondwana Research, 14(4): 569-586. 
Svojtka, M., Kosler, M., 2002. Fission-track dating of zircon by laser ablation ICPMS. 
Geochim Cosmochim Acta, 66: A756. 
   
  48
Tagami, T., Farley, K.A., Stockli, D.F., 2003. (U-Th)/He geochronology of single zircon 
grains of known Tertiary eruption age. Earth and Planetary Science Letters, 
207(1-4): 57-67. 
Tagami, T., Galbraith, R.F., Yamada, R., Laslett, G.M., 1998. Revised annealing kinetics 
of fission tracks in zircon and geological implications. In: Van den Haute, P., De 
Corte, F. (Eds.), Advances in Fission-Track Geochronology, pp. 99-112. 
Tagami, T., Lal, N., Sorkhabi, R.B., Ito, H., Nishimura, S., 1988. Fission track dating 
using external detector method: a laboratory procedure. Memoirs of the Faculty of 
Science, Kyoto University, Series of Geology and Mineralogy, 53: 1-30. 
Thiel, K., Herr, W., 1976. The 238U spontaneous fission decay constant re-determined by 
fission tracks. Earth and Planetary Science Letters, 30(1): 50-56. 
Wagner, G.A., Van den Haute, P., 1992. Fission track dating. Kluwer Academic 
Publishers, Dordrecht, 285 pp. 
Williams, M.L., Jercinovic, M.J., Terry, M.P., 1999. Age mapping and dating of 
monazite on the electron microprobe: deconvoluting multistage tectonic histories. 
Geology, 27(11): 1023. 
Yamada, R., Tagami, T., Nishimura, S., Ito, H., 1995. Annealing kinetics of fission tracks 
in zircon: an experimental study. Chemical Geology, 122(1-4): 249-258. 
Ziebold, T.O., 1967. Precision and sensitivity in electron microprobe analysis. Analytical 
Chemistry, 39(8): 858-861. 
   
  49
Chapter 2 
Argon Diffusion and 40Ar/39Ar Thermochronology of Apollo 16 Impact Glass 
Spherules: Implications for 40Ar/39Ar Dating of Lunar Impact Glass 
Abstract 
 The 40Ar/39Ar technique applied to impact glass has been used to date both 
terrestrial and lunar impact events. In theory the technique should allow one to determine 
the frequency of impact glass generating events on the lunar surface, such as a lunar 
cataclysm, through the use of ideograms or probability density functions. The ability to 
utilize the 40Ar/39Ar technique rests on the assumption that impact glasses are open 
systems when formed and remain closed to the loss of daughter product, 40Ar*, thereafter. 
We have determined the diffusion kinetics of 39Ar in Apollo 16 lunar impact glass 
spherules. Volume diffusion is the dominant mechanism by which Ar is lost below 
~675°C with the kinetic parameters log(D0/a
2)=-6.20 ± 0.17 s-1 and Ea=19.03 ± 0.55 kcal 
mol-1. The kinetics closely correspond with results from terrestrial basalt glass, 
suggesting that tachylite may be a useful analogue material. Modeling shows that Apollo 
16 glass could lose significant quantities (~40-90% over 20 Myr assuming a=75 μm) of 
radiogenic argon (40Ar*) from diurnal temperature variations, although the loss is highly 
sensitive to shielding, exposure duration and effective diffusion domain size. Modeling 
also shows that loss from transient thermal events such as impacts up to 1 Myr in 
duration and 600°C can cause detectible alteration in the apparent 40Ar/39Ar age. The 
degree of alteration is highly dependent upon both the diffusion domain size and 
magnitude of the thermal event. Little loss occurs when glasses are buried isothermally in 
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the lunar regolith >20 mm, in the smallest (a=75 μm) glasses modeled only ~5% of 40Ar* 
is lost over 4 Ga.  Modeling combined with experimental kinetics show that the duration 
of exposure on the lunar surface, impact history, and spherule size is critical to the 
interpretation of 40Ar/39Ar ages from Apollo 16 composition impact glasses.  
 
Keywords: diffusion, impact glass, lunar cataclysm, late heavy bombardment 
 
1.0 The Lunar Impact Record 
The ages of impacts on the lunar surface have been determined through relative 
chronological tools such as crater counting (Hartmann, 1965; Hartmann, 1970; 
Hartmann, 1977; McEwen et al., 1997; Neukum et al., 2001; Marchi et al., 2012), 
however these relative chronologies must be calibrated to a radiometric timescale.  
Geochronologic methods such as the 40Ar/39Ar technique (Merrihue and Turner, 1966; 
McDougall and Harrison, 1999) are frequently used to date lunar rocks (Turner, 1970; 
Turner, 1971; Turner et al., 1971; Alexander et al., 1972; Husain et al., 1972; York et al., 
1972), impact breccias (Huneke, 1978; Dalrymple and Ryder, 1993; Bogard et al., 1994; 
Dalrymple and Ryder, 1996; Barra et al., 2006; Norman et al., 2006; Joy et al., 2011), and 
impact glasses (Delano et al., 2007; Zellner et al., 2009a; Zellner et al., 2009b).  Recently 
this technique has been applied to impact glass spherules and impact melts from the lunar 
surface in an effort to understand the lunar impact history (Cohen et al., 2000; Culler et 
al., 2000; Levine et al., 2005; Hui et al., 2009). It has been proposed that the age of these 
glasses will record the time of the impact event which formed them as the event is 
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assumed to completely degas any prior radiogenic Ar (40Ar*) upon cooling from a melt 
(Jourdan et al., 2012). By sampling a large number of impact glass spherules and shards 
probability density diagrams or ideograms are constructed that reflect the probability of 
an impact age at any given point in time. Higher probability densities should reflect times 
of increased glass formation and thus times of increased bombardment and a higher net 
flux of impactors. Interpreting ideograms in this manner makes the assumptions that 1. 
Local sampling biases do not exist, 2. Destruction of earlier generations of glass (lunar 
gardening) does not occur, 3. The lunar regolith is well mixed without well defined age 
horizons and 4. Diffusive loss of 40Ar* does not occur (Huneke, 1976) after glass 
formation. All of these assumptions are violated to some degree, but herein we attempt to 
test the fourth assumption i.e., lunar glasses act as a closed systems to the loss of 40Ar*. 
1.1 The Lunar Cataclysm 
Perhaps one of the more compelling applications of lunar glass 40Ar/39Ar ages has 
been placing constraints on the existence and timing of the proposed lunar cataclysm.  
The lunar cataclysm hypothesis states that an increase in the flux of impactors to the 
inner solar system occurred from ~4.1-3.8 Ga. Evidence pointing towards the existence 
of a lunar cataclysm was first recognized by a cluster of similar ages in Apollo samples 
(Papanastassiou and Wasserburg, 1971; Tera et al., 1973; Turner et al., 1973; Tera et al., 
1974). The evidence for the existence of this event has been highly debated (Cohen et al., 
2000; Kring and Cohen, 2002; Cohen et al., 2005; Baldwin, 2006; Koeberl, 2006; 
Norman et al., 2006; Chapman et al., 2007; Lineweaver and Norman, 2009; Norman, 
2009; Morbidelli et al., 2012). Whether or not the cataclysm occurred has major 
implications for modeling the early evolution of life on Earth (Maher and Stevenson, 
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1988; Sleep et al., 1989; Gogarten-Boekels et al., 1995; Abramov and Mojzsis, 2009). 
The cataclysm may have sterilized the Earth’s surface wiping out any life which evolved 
during the period prior to its onset or it may have acted as a selection agent only allowing 
thermophiles to survive (Gogarten-Boekels et al., 1995; Miller and Lazcano, 1995; Kring, 
2000; Nisbet and Sleep, 2001; Schwartzman and Lineweaver, 2004), or perhaps could 
have been beneficial to the development of life (Ryder, 2003; Cockell, 2006). 
One particularly compelling hypothesis to explain the existence of a lunar cataclysm 
is the Nice model. This relies on orbital dynamics where Jupiter and Saturn reach a 2:1 
orbital resonance pattern and eccentricity greatly increases. In response to the orbital 
resonance Jupiter and Saturn move outwards and Neptune and Uranus become much 
more eccentric. The altered orbits of Neptune and Uranus then scatter material, much of 
which is thrown in towards the sun and the Earth-Moon system causing the cataclysm 
(Levison et al., 2001; Gomes et al., 2005; Strom et al., 2005; Tsiganis et al., 2005; 
Levison et al., 2009; Bottke et al., 2012). Precisely determining the impact record on the 
Moon makes this hypothesis testable. 
1.2 Crater Counting 
The ability to date surfaces on other planets is tied back to one of several calibrations 
of crater density on the lunar surface. These calibrations are determined from radiometric 
ages of lunar samples. While 40Ar/39Ar and other techniques (Alibert et al., 1994; Pidgeon 
et al., 2010) work well for determining the ages of rocks, determining the age of impact 
glass from specific craters or melt sheets would aid in the absolute age calibration. There 
are no dated craters on the lunar surface from 3-1 Ga and only four craters from 1-0 Ga, 
which makes crater counting for objects <3 Ga an uncertain process (Plescia, 2012). 
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2.0 Ar Diffusion in Glass 
Of all the noble gas kinetics in glass, Ar is the best characterized. However the focus 
of previous studies has been on SiO2 (Perkins and Begeal, 1971; Nakayama and 
Shackelford, 1990; Carroll and Stolper, 1991; Draper and Carroll, 1995; Roselieb et al., 
1995; Behrens, 2010a) or other high silica phases such as glass with rhyolite, albite, 
orthoclase, or jadeite type compositions (Carroll, 1991; Roselieb et al., 1995). In 
Arrhenius space, (1/T vs. log(D)), where D is diffusivity, and T is temperature in K, 
nearly all of the SiO2 values are indistinguishable while the orthoclase and jadeite 
compositions are unique with similar activation energies to SiO2 but differing ordinate 
intercept values. 
Studies of Ar diffusion in mafic glasses are limited.  Lux et al. (1987) determined Ar 
diffusivity in a basaltic melt, while Hazelton et al. (2003) examined samples of both 
silicic and mafic glass. These studies found the Ar loss in mafic material was controlled 
by volume diffusion above the glass transition temperature (Tg); however, below this the 
release of gas was nonlinear in Arrhenius space indicating that Ar loss could be attributed 
to some process other than volume diffusion. Due to short heating times the region of 
non-volume diffusion comprises a very small fraction of the total gas released negating 
further interpretation or kinetic calculations. Stettler and Bochsler (1979) in a study of 
basalt glass from the East Pacific Rise calculated an activation energy for 37Ar of 
51.39±2.2 kcal/mol over 150-1650°C and did not observe any transition across Tg. In a 
study of lunar green glasses linear heating was used to measure the release of 40Ar and 
36Ar in unirradiated materials (Frick et al., 1973). Based upon the temperature of maxim 
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differential release, kinetic parameters were calculated for different initial concentration 
profiles, however the variability in kinetics did not yield any conclusive results.  
Only one study focuses exclusively on the very low temperature (<500°C) diffusion 
of Ar in mafic glass (Manganelli, 2009; Grove and Manganelli, 2010). These authors 
found that at very low temperatures mafic glass is much more retentive than SiO2. 
This relationship between lower SiO2 and higher retentivity of noble gasses has been 
observed previously as Na2O and CaO can reduce the available vacancies between silica 
rings in glass (Mussett, 1969; Shelby and Eagan, 1976; Behrens, 2010b). In general the 
higher the concentration of Si and Al in glass, the less retentive of Ar the glass will be. 
2.1 The Glassy State 
A thorough discussion of glass physics is beyond the scope of this work; however a 
brief discussion is warranted in order to understand physical and kinetic relationships 
observed in lunar impact glasses. For a more thorough discussion of glass physics and the 
Tg, see Lubchenko and Wolynes (2007) and Debenedetti and Stillinger (2001).  
Glass is a material which lacks long-range order and forms as a liquid is cooled faster 
than the crystallization process can progress. Glass can also be recognized by the fact that 
its molecular relaxation time becomes extremely attenuated as the enthalpy abruptly 
approaches that of a crystalline solid. While a glass may lack long-range order, short and 
medium range order still exists through silicate rings and polymerization within the glass. 
The degree of short and medium range order is subject to the composition of the material 
and the rate of cooling.  
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 As a glass cools below the melt temperature (Tm) to a supercooled liquid it 
approaches the glass transition temperature (Tg) where dramatic changes occur in volume 
and enthalpy. The temperature at which Tg occurs is dependent upon both the 
composition and the cooling rate.  
2.2 Diffusion Theory 
 Diffusion is driven by the random atomic scale motion of particles. In minerals, 
particles move between adjacent vacancies in a crystal lattice. In glass, vacancies are 
distributed in a less orderly manner, but the mechanism is similar. Fick’s second law 
describes the movement of mass with relation to space and time presented in 1D where D 
is the diffusion proportionality factor, C is concentration, and t is time. 
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In thermally controlled systems D is related to the temperature of the system (T) (K), the 
activation energy (Ea) (kcal mol
-1), and the frequency or pre-exponential factor (D0) (cm
2 
s-1 through the Arrhenius equation where R is the gas constant (kcal mol -1). 
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Activation energy can be conceptualized as the minimum energy needed to move from 
one vacancy site to an adjacent vacancy while D0 is the diffusivity at an infinitely high 
temperature (Mussett, 1969). 
Due to the analogous nature between diffusion and heat flow, the derivations for 
solutions to the diffusion equation under different conditions can be adapted from 
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existing heat flow solutions. The modeling of lunar glass spherules uses the following 
numerical solution (Carslaw and Jaeger, 1959; Crank, 1979) where f is the fraction lost 
from the grain over a given period t for a given effective diffusion domain radius a. 
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Derived from this solution are two approximate algebraic functions (eq. 4, 5), for f =0-
0.84 and f =0.85-1 (Reichenberg, 1953; Fechtig and Kalbitzer, 1966; McDougall and 
Harrison, 1999), which correspond very closely with results from eq. 3. These 
approximations are used to calculate D/a2 from laboratory step heating experiments 
which yield a fraction lost for discrete time and temperature steps.  
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3.0 Methods - Sample Characterization 
 Six glass samples were selected from Apollo 16 lunar soil sample 61502,13. 
These glasses ranged from 1.3-1.65 mm in diameter (Fig. 1). The glasses were examined 
under a petrographic microscope and assessed visually to ensure 
devitrification/recrystallization or entrainment of other crystalline material had not 
occurred during formation. Following optical characterization, Raman spectroscopy was 
used to verify the glassy nature of the material at a finer scale using a JHobin Yvon 
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LabRam 300 with 632.817 nm wavelength, 20 mW power, grating of 1800 grooves/mm, 
and 100 μm slit. 
 Electron microprobe analysis (EPMA) was used to verify the composition of the 
glasses and assess whether K and Ca were homogeneously distributed. In order to 
accomplish this, small flat surfaces were polished on the surface of the samples where the 
diameter of the flat surface was normally <200μm and <2% of the total volume. This 
procedure of minimal polishing assured the assumption of spherical diffusion geometry 
in eq. 3 was not violated. Multiple EPMA spots in a line transect were averaged across 
the spherule, using a defocused beam of 20μm, 15 keV, and 50 nA to avoid mobilization 
of volatile elements. Homogeneity was validated by a fourth method through the use of 
backscatter electron mode during EPMA. Elements were standardized against a series of 
internal glass and mineral standards. The chemistry of each spherule is included in 
Appendix A. 
3.1 Irradiation, Mass Spectrometry, and 40Ar/39Ar Geochronology 
Subsequent to EPMA, glass spherules were extracted from the Crystalbond™ 
adhesive, washed with acetone, and wrapped in Al foil. The glass spherules were 
packaged for a 35 hr irradiation with fast neutrons at the 1 MW Oregon State University 
cadmium lined in core facility (CLICIT).  
The samples were loaded perpendicular to the flux, so all had a J value of 8.9012 
x10-3±2.67x10-5, which was determined using the PP-20 hornblende flux monitor 
(Jourdan et al., 2006) with the most recently calibrated age of 1080.4 ± 1.1 Ma (Renne et 
al., 2010). Interfering reactions were monitored with CaF2 and K-glass, and were: 
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(39Ar/37Ar)Ca=7.187x10
-4±6.2x10-6, (38Ar/37Ar)Ca=3.49x10
-5±3.2x10-6, 
(36Ar/37Ar)Ca=4.27x10
-4±9.24x10-5, (40Ar/39Ar)K=3.53x10
-2±3.53x10-2, 
(38Ar/39Ar)K=1.22x10
-1 ± 2x10-4, (36Ar/38Ar)Cl=262.69
  ± 1.10. 
Samples 61502,13_1, 61502,13_2, 61502,13_8, and 61502,13_4 were subsequently 
re-wrapped in ultra pure Al foil while all other samples were run without foils to 
minimize any atmospheric Ar contamination. The number preceding the underscore 
denotes the NASA sample name, while values following the underscore represent an 
internal laboratory numbering system. Samples were heated in a Ta crucible in a double 
vacuum resistance furnace. Temperatures were monitored using a C-type thermocouple 
in contact with the bottom of the crucible. Double thermocouple experiments indicate a 
temperature differential between the inside of the crucible and the outer bottom was 
<1°C. The sample reached the set point temperature within two minutes; approximating a 
square heating pulse. Data reported are corrected for any drift in sensitivity and mass 
discrimination through repeated analysis of air from a calibrated pipette. Subsequent to 
step heating and prior to inlet to the mass spectrometer sample gas was purified through 
~10 minutes of exposure to two SAES ST-707 getters, one cold at 0A, and one hot at 2A. 
 Interferences on Ar isotopes are relatively minor with 1H 35Cl+ and 1H 37Cl+ 
interfering on masses 36 and 38 respectively. To correct for this mass 35 was monitored 
during every analysis to detect any anomalously high mass 35 value. No anomalously 
high mass 35 value was ever observed and the lunar samples were never exposed to 
hydrocarbon sources aside from the Crystalbond™ they were mounted in for EPMA. 
Using a VG5400 mass spectrometer with a 100 μA trap current m/e= 40, 39, 38, 37, 36, 
and 35 were measured in peak hopping mode with either linear or exponential regressions 
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to the inlet time. ArArCALC (Koppers, 2002) was used for data reduction utilizing age 
equations and decay constants recommended in Renne et al. (2010) and 40Ar/36Ar=1 for 
the trapped component. As most ages appear to be <2Ga this value is probably a good 
approximation for the true trapped component (Eugster et al., 2001), in light of the fact 
that regressions on isochron plots often provide fits too poor to accurately constrain the 
40Ar/36Ar value. 
4.0 Geochemical Data and Composition 
 Wide bands in the Raman spectra (Fig. 2) show that this is an amorphous material 
and devitrification has not begun. Very narrow peaks are typically indicative of a material 
which has a crystal lattice. These observations support petrographic results which did not 
show any recrystallization within the glass samples. Based upon both of these lines of 
evidence we assume that the material measured is fully glass. 
 Examination with EPMA shows that all of the glass samples have very similar 
compositions to each other (Table 1; Appendix A), and have similar compositions to the 
local Apollo 16 regolith (Delano et al., 2007). Concentrations of K and Ca are 
homogeneous within uncertainty across the line transects performed with EPMA. As the 
flat surfaces where measurements were made cover only a small fraction of the surface 
area, this does not preclude geochemical heterogeneity; however the parsimonious 
interpretation of the evidence supports a homogeneous K and Ca distribution. 
4.1 Diffusion of 39Ar 
 As both EPMA and K/Ca derived from 39Ar/37Ar (Appendix B; Appendix C) 
suggest that K and Ca are homogeneously distributed, at least with respect to each other, 
   
  60
we have elected here to monitor 39ArK+Ca instead of 
39ArK as the diffusant as it maximizes 
signal and minimizes the effects of uncertainty from the small quantities of 37ArCa 
available in the sample.  Low (<400°C) temperature experiments were conducted on both 
61502,13_7 and 61502,13_1. Spherule 61502,13_1 had significantly less gas released at 
lower temperature steps (Appendix B) as degassing periods were too short to yield 39Ar 
with good statistics at low temperatures and the mass of 61502,13_1 was ~50% less than 
61502,13_7. In sample 61502,13_7 these low temperature steps were extended to 48 
hours each, which yielded above blank quantities of 39Ar at ≥250°C. For this reason 
sample 61502,13_7 is exclusively examined here, although it should be noted 
61502,13_1 follows the same general trend although with significantly greater scatter. 
Unlike for 40Ar/39Ar dating, only heating steps where 39Ar fell below blank were removed 
from the data set (Table 2) as other isotopes which are much more sensitive to blank 
corrections such as 36Ar and 40Ar are unimportant for the diffusion aspect of this study. 
 Fractional amounts of 39Ar released at each temperature step were used to 
calculate D/a2 at each temperature increment. The log(D/a2) values were plotted on an 
Arrhenius diagram (Fig. 3) and a line was regressed which statistically best fit the data, 
where the slope of the line is proportional to the activation energy and the intercept on the 
ordinate is log(D0/a
2). Determination of which data points to include in the regression 
was made by choosing which points are above blank, had low uncertainty, and 
maximized the r2 value. It’s assumed the uncertainty on the kinetic value (i.e. the scatter 
about the regression) is significantly greater than the uncertainty on the isotopic 
measurement, thus the uncertainty is only calculated based on the scatter on the linear 
regression points. 
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 The statistically best fit line (Fig. 3) to the data from 61502,13_7 shows a linear 
trend extending from 300°C to 675°C.  The first two points in Fig. 3 have been removed 
from the regression as they have large uncertainties associated with them, and this choice 
of points maximizes the r2 value of the line. No kinetics were fit beyond 675°C as these 
are not applicable conditions under which lunar glasses normally reside and visually the 
data falls off of a linear trend. The log(D0/a
2) value is -6.20 ± 0.17 s-1 and Ea=19.03 ± 
0.56 kcal/mol. If the effective diffusion domain size is assumed to be the size of the 
spherule (a=.0825 cm) then D0=4.26x10
-9±3.38x10-9 cm2 s-1.  
4.2 Interpretation of Diffusion Kinetics 
 The release of 39Ar is linear in Arrhenius space between 300°C and 675°C (Fig. 
3). This supports the hypothesis that volume diffusion is the dominant mechanism which 
controls the loss of Ar over the 300-675°C temperature range. Above this range another 
loss mechanism may operate, or scatter in the data occurs, until a second higher Ea and 
higher D0 volume diffusion transport mechanism of Ar occurs as signified by a second 
region of linearity on the Arrhenius diagram. 
 By ~675°C we interpret the deviation in Arrhenius behavior to be governed by a 
transition from the glassy state to a supercooled liquid as the material approaches Tg. 
Using a silicate melt viscosity model (Giordano et al., 2008) and the EPMA composition 
of the Apollo 16 material the Tg (defined here as 10
12 Pa s) is calculated to occur at 
661.3°C, <15°C from where the experiment shows a transition (Fig. 4). This close match 
supports the hypothesis that the Arrhenius transition observed in Fig. 3 is due to a change 
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of the material’s state (e.g. analogous to a phase transition in mineral diffusion 
experiments). 
 In Frick et al. (1973) a similar transition was observed at 650°C, where the fit of 
the data was improved if the <650°C data was neglected. At the time this was attributed 
to a second source of Ar - the Tg was not recognized as a possible mechanism for this 
transition in the release kinetics of Ar. 
 Similar changes in kinetics, with sharp increases in Ea across the Tg, have been 
shown in noble, metallic, and molecular gasses in polymers (Meares, 1954; Kumins and 
Roteman, 1961). We propose using diffusion processes in synthetics polymers as an 
analogue to physical changes in glass polymers. The mechanism proposed here is that of 
a “hindered rotation” (Buchdahl and Nielsen, 1950) where below the Tg the material is 
disordered and densely packed surrounded by regions of low packing potential. This low 
density region is where the where diffusion occurs. At temperatures where a supercooled 
liquid is formed van der Waals bonds are loosened and regions of low packing are 
eliminated through volume expansion, as more of the glass volume is taken up by silicate 
polymers. Moving through the more ordered region of polymers takes more energy, thus 
increasing the Ea, until all order is erased through melting of the material. For a review of 
diffusion transport models in synthetic polymers see Ramesh (2011). 
4.3 Modeling Using the Diffusion Kinetics 
4.3.1 Isothermal Burial and Transient Thermal Events 
 Since the glasses do not cool in a linear fashion in 1/T the assumptions made in 
the typical closure temperature equations (Dodson, 1973; Dodson, 1979) are violated and 
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cannot be applied here. There are three thermal histories which a lunar glass can 
experience after cooling from a melt; 1) being buried below the surface in the lunar 
regolith, 2) heating by a transient thermal event such as an impact and, 3) being 
repeatedly heated and cooled by exposure on the lunar surface at temperatures between 
~120°C and -150°C. 
The first diffusion simulation models an isothermal holding of Apollo 16 impact 
glass at -15°C while 40Ar* is simultaneously being produced from the decay of 40K (Goles 
et al., 1960; Amirkhanoff et al., 1961). This temperature is the typical temperature for the 
lunar regolith at depth. Due to low thermal conductivity surface temperature variations 
are attenuated very rapidly with depth (Heiken et al., 1991; Vasavada et al., 1999; 
Nagihara et al., 2010; Vasavada et al., 2012). Even in the very smallest grain sizes 
(a=75μm) maximal loss is very small, ~5%, while larger grain sizes have <1% loss (Fig. 
5). 
 The next condition modeled were short transient thermal events such as those 
which would be caused by an adjacent impact or burial by a hot ejecta blanket. By 
determining the possible time and temperature combinations required for significant 
fractional loss, this will provide input for further models of regolith heating (Abramov 
and Mojzsis, 2012; Abramov et al., 2012). A Monte Carlo model was constructed to 
simulate transient thermal events which last from 0-1 Myr in duration, with glasses of 50-
500 μm radii, kinetics from Apollo 16 impact glass (±1σ), and assuming the effective 
diffusion domain size is the size of the glass. Production of 40Ar* is not accounted for as 
the half-life of 40K is long compared to the short duration of the modeled thermal event. 
The model simulated 2x107 time-temperature combinations, and then those at discrete 
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percent loss values were extracted from the data set (Fig. 6). Temperature was modeled 
between 0°C and 600°C (i.e., below Tg=675°C). 
 Under these conditions 10% loss requires heating to several hundred degrees over 
10-100 yr time scales (Fig. 6).  A 1% loss will occur in even brief thermal events (<10 yr) 
over ~200-400°C or prolonged (>1 Myr) temperatures of ~50°C. If significant 40Ar* loss 
is defined as >50% then <10 yr events require >500°C to release this much 40Ar*, while 
events of ~1000 yr in duration require isothermal heating of ~250-500°C.  These results 
show that most impacts which cause regional heating will cause minor loss in impact 
glasses, some impacts will cause 10% loss and only very large thermal events (e.g., basin 
forming events) would results in significant (≥50% loss).  
No attempt was made to model loss of 40Ar* at temperatures >600°C. Although 
this may be a valid condition associated with high temperature impacts given long 
enough periods at elevated temperatures above the glass transition, glassy material may 
begin to crystallize into minerals. These minerals will have different diffusion kinetics 
than what has been experimentally measured. As recrystallization occurs, this should be 
detectible with petrographic or Raman examination. The high temperatures (and 
pressures) which occur during the impact process other non-volume diffusion effects may 
dominate such as liquid advection if the glass is melted or mechanical breakage of 
spherules. 
4.3.2 Effective Diffusivity (De) and Diurnal Heating 
 In order to model the effects of the diurnal variation on the lunar surface we must 
first account for the changing temperature as the Arrhenius equation assumes an 
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isothermal temperature to calculate diffusivity. We have numerically solved the problem 
through calculating an effective diffusivity (De) by calculating the diffusivity at numerous 
times to create a curve of D vs. t (Fig. 7). We then integrate under the curve using 
Simson’s rule and divide by the total t that yields De, effectively collapsing down this 
curve to a single constant D value. Independent analytical solutions agree very well to at 
least four decimal places with this numeric approach. 
 The De value (1.506x10
-20 cm2 s-1) for Apollo 16 glass is used to calculate the 
fractional loss of 40Ar* with production (Fig. 8) using the same methodology as was used 
to model samples buried at depth in the lunar regolith. The diffusion domain size acts as a 
significant control on how much 40Ar* is lost on the lunar surface. Using large spherules 
such as 61502,13_7 (a=850μm), loss is significant, but the sample will still yield an age 
with a maximum of ~70% loss at 4.5 Ga. Smaller samples, more typically analyzed, will 
lose significantly larger amounts of 40Ar*. Levine et al. (2007) determined 38Ar cosmic 
ray exposure ages from a number of Apollo 12 and 14 spherules. If the kinetics of these 
glasses are similar to the studied Apollo 16 glass, then these ages should be treated not as 
exposure ages, but as minimum exposure ages. Most ages are <1Ga, with a cluster of 
ages ~0 Ma. These ages can be used as a basis to project the minimum amount of 40Ar* 
lost in an average spherule (Fig. 8). The spherules which have both a near zero 40Ar/39Ar 
isochron age and 38Ar exposure ages could either represent 100% diffusive loss or could 
represent recent impact events.  
 More accurate constrains on the total 40Ar* lost can be garnered from coupling 
information from lunar heat flow from diurnal variations with depth and the rate of 
cycling of material through the upper layers of the regolith. Due to the low thermal 
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diffusivity the diurnal temperature signal decays quickly with depth in the regolith, 
whereby at ~100 mm depth the fluctuations are minor and by 400 mm depth they are 
indistinguishable from the background thermal gradient (Vasavada et al., 2012) assuming 
exposure at the equator with an albedo of 0.1. Estimates of the lunar surface erosion rate 
vary by nearly an order of magnitude on a number of different surfaces (i.e. 0.5 mm Myr-
1 (Finkel et al., 1971), 0.2-0.4 mm Myr-1 (Hörz et al., 1971), 0.1-1 mm Myr-1 (Crozaz et 
al., 1970), ~1 mm Myr-1 (Ashworth, 1977)). Using a range of ~0.5-1 mm Myr-1 agrees 
well with most estimates.  
Aside from viewing the regolith as a simple erosion surface where material moves 
ever upwards there are also impact cycling processes that overturn the material.  
Numerous models have been constructed to model this process (LANGEVIN and ARNOLD, 
1977). Based solely on how long it would take for material to move from the 100 mm to 
the surface if erosion were the only process this would take 100-200 Myr, however 
overturning models predict the overturn of this material would be overturned in 10-100 
Myr (Gault et al., 1974; Arnold, 1975). We suspect this value will be towards the higher 
end of the range and the overturning is less frequent in younger material and just because 
the material is overturned does not remove it from the zone of high heat near the surface. 
Thus to expose material from the top ~100 mm 100-200 Myr is probably a reasonable 
estimate of the timescales involved for the aggregate regolith although it should be noted 
that the overturning of regolith material is a highly stochastic process and difficulty 
remains in predicating the history of a specific spherule within the regolith. 
 The most extreme durations (i.e. those in Fig. 7) only occur on the very surface. 
Using Fig. 7 in Vasavada et al. (2012) we approximate these variations will only occur in 
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the upper 20 mm. More muted variations occurs over 20-40 mm depth which we 
approximate as -93 to 37 °C with a calculated De of 3.09x10
-25 cm sec-1. Using the simple 
approximations of material movement a lunar spherule will spend ~20-40 Myr in the 
upper 20 mm of the regolith, and ~20-40 Myr in the next deepest layer. With a 
De=3.09x10
-25 cm sec-1 the loss will be <1% over a duration of 20 Myr with a=75μm, thus 
most of the loss will occur in the upper 20 mm of the regolith over 20-40 Myr. The loss 
over this short duration is shown in Fig. 8b, relatively minor loss is expected in large 
spherules such as those examined in this study. Most other studies have focused on grain 
sizes where a=50-100 μm (Levine, 2004; Hui et al., 2009; Hui, 2011) and in these size 
fractions 40Ar* loss is significant, exceeding ~40-90% (assuming a=75 μm), depending on 
the choice of kinetics, exact exposure duration. These models show that the diffusion 
domain size of a spherule is a very sensitive parameter in predicting how much loss will 
have occurred. The data available in the literature are limited and do not allow the 
comparison of grain size and age for the majority of 40Ar/39Ar dated spherules as the 
specific dimensions of the each spherule are not given or only ranges of spherule size are 
given. 
 The 38Ar used to calculate exposure ages accumulate in the upper 1,000 mm, so 
the accuracy of these ages is probably better than would be predicted from the simplistic 
model of surface exposure to diurnal variations. Only the last ~10% of the accumulation 
time is accompanied by 38Ar loss, although depending on grain size this loss can 
represent a significant fraction of the accumulated 38Ar. 
5.0 Geochronology 
   
  68
 Degassing of the lunar spherules was not optimized to determine 40Ar/39Ar ages as 
shown by scatter in the isochron data and age spectra (Appendix C). The priorities when 
degassing the spherules were to 1) experimentally determine the optimal furnace time and 
temperature schedule to release measurable quantities of 39Ar and 2) perform diffusion 
experiments which focus on the low temperature gas release. To calculate age spectra and 
isochrons the steps with at or below blank 36Ar, 37Ar, 38Ar, 39Ar, and 40Ar were removed 
and then the data were further refined by removing any point which had a 40Ar/36Ar value 
>15 when 39Ar/36Ar was near or at 0 (Appendix C). High 40Ar/36Ar indicates terrestrial 
atmospheric contamination, since values >15 cannot exist on the Moon (Eugster et al., 
2001). Normally this contamination is associated with either very high or very low 
temperature heating steps. Apollo 16 samples are generally low in K and often young, 
(HUI et al., 2009; NORMAN et al., 2012) as indicated by the near blank levels of 40Ar and 
low K both in the EPMA analysis of spherules from 61502,13 and in other studies of 
local composition Apollo 16 impact glass. Due to these factors combined with potential 
40Ar* loss many of the ages are imprecisely determined.  
 Isochrons and inverse isochrons were calculated for all samples, however only 
regressions based on greater than four points are meaningful (Roddick, 1978) and 
interpreted, and thus only regressions with greater than four points and positive ages are 
included in Appendix C. Both inverse and regular isochrons were fit with a linear 
regression technique based upon attaining the maximum likelihood estimate from a series 
of points with Gaussian uncertainties (York, 1969; Harmer and Eglington, 1990). 
Uncertainties between the isotope ratios are correlated following Dalrymple et al. (1988). 
This fit assumes that the analytical uncertainties on the individual measurements are 
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larger than the scatter of each data point around the regression line; also known as the 
geologic uncertainty. This assumption is tested through a determination of the mean 
square weight of the deviates (MSWD) (Harmer and Eglington, 1990; Wendt and Carl, 
1991) and a χ2 test calculated from the MSWD (McDougall and Harrison, 1999) which 
has the advantage of taking into account the number of degrees of freedom which are fit 
to the line. A χ2 threshold of 5 was applied, where values <5 would be assumed to have 
greater scatter than could be accounted for by the analytical uncertainty, in which case an 
orthogonal least squares linear regression was used to fit the data rather than the York 
(1969) method.  
5.1.1 61502,13_1 
 The age on the gas represented by the initial ~25% of 39Ar released in 61502,13_1 
has an extremely large uncertainty primarily due to the low quantities of 40Ar* present in 
the sample. The age of the highest temperature and age step (1475°C, 1419.1 ± 19.43 Ma 
(1σ)) which comprises ~75% of the 39Ar released. The K/Ca appears constant within two 
sigma uncertainty. The isochron age of 1275.3 ± 83.6 Ma (1σ) is statistically significant; 
however the 1475°C data point controls the slope of the line, essentially making this a 
two point isochron negating its usefulness in interpretation. The final 1475°C step is the 
only heating step with an age of significant precision so this age should be treated as a 
single fusion age of the glass.  
5.1.2 61502,13_2 
 Isochron plots show this sample has an MSWD <<1 indicating an overestimate of 
the analytical uncertainty and the χ2 shows over dispersion in the data. Regardless of the 
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statistical problems an imprecise age of 90.61 ± 70.12 Ma (1σ) is calculated. The sample 
has a weighted plateau age (which we define as >60% of the 39Ar released in at least 
three contiguous steps which have ages within two standard deviations of each other) of 
187.40 ± 1.91 Ma (1σ) (MSWD=0.5) agrees within two standard deviations of the 
isochron age. Due to the much higher precision on the single step comprising 69% of the 
39Ar released the best estimate of the age is probably the plateau age. The K/Ca is 
homogeneous within two sigma uncertainty. 
5.1.3 61502,13_4 
 This spherule yields a complex age spectrum. Ages corresponding to four steps 
increase and then decrease in a saddle shape. Due to only having a four point isochron 
this sample cannot be interpreted and the sample does not yield an age plateau. The only 
conclusion which may be reached is the oldest step (1150°C, 458.24 ± 4.92 Ma (1σ)) 
perhaps represents the minimum age of the spherule. The K/Ca is homogeneous within 
two sigma uncertainty. 
5.1.4 61502,13_6 
 A high amount of trapped lunar 36Ar, 38Ar, and 40Ar is extracted from the first 
release of gas at 600°C with an age >9Ga, indicating an exposure age of <~1.5 Ga 
(EUGSTER et al., 2001). This step contains <0.1% of the total 39Ar also suggesting most of 
the 40Ar in this step is implanted near the surface. Only two steps contain the majority of 
the gas in the sample with ages of 107.4 ± 1.25 Ma (1250°C) and 813.9 ± 13.88 Ma 
(1390°C) (1σ). Although the majority of the 39Ar is released in only two steps, they show 
increasing age with temperature and both steps are highly radiogenic (≥90%). Both 
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weighted inverse and normal isochrons cannot be interpreted as they only contain only 
four points. The K/Ca on each step is within two sigma uncertainty of each other. 
5.1.5 61502,13_7 
 Eleven heating steps account for the above blank and below atmospheric 
40Ar/36Ar signal intensity on sample 61502,13_7. The age spectrum shows an apparent 
age gradient from near 0 Ma in the first steps to 303.7 ± 42.7 Ma (1σ) in the last step. 
MSWD values are high on both the weighted isochron and inverse isochron plots (41.8 
and 45.7 respectively), which pass the χ2 test, and have low 40Ar/36Ar values. If there is 
an age gradient the isochron dispersion should be high as a second component in isochron 
space invalidates the assumption of a two point mixing diagram thus also invalidating the 
isochron age. K/Ca is homogeneous within error in each of the gas fractions measured. 
5.1.6 61502,13_8 
Three steps comprise the gas released in 61502,13_8. The ages of the three steps 
are all within two sigma uncertainty, and thus by definition make a plateau. The weighted 
plateau age for the sample is 31.9 ± 29.3 Ma (1σ), making this within error of 0 Ma at the 
two sigma confidence level. Isochron and inverse isochron plots are meaningless because 
they are based on only three points. Like in other samples the K/Ca was homogenous 
across each of the heating steps. 
5.2 Interpretation and Discussion of Geochronology 
 Lunar spherule 61502,13_1 is treated as a total fusion age of ~1.4 Ga as only one 
step releases a significant quantity of gas. The plateau age of 187.40 ± 1.91 Ma (1σ) is 
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probably the best estimate for the age of spherule 61502,13_2. The age imprecision of the 
first four steps in this spherule, do not allow the interpretation if an age gradient exists in 
this sample.   
When plotted on an isochron or inverse isochron diagram the high MSWD for 
sample 61502,13_4 could indicate a mixing more than two components, which might 
account for the saddle shaped age spectra although this will not be interpreted here since 
the isochron and inverse isochron only have four points. There is little retrievable age 
information from this sample, except the sample is probably no younger than the oldest 
step of 458.24 ± 4.92 Ma (1σ). 
  Only two steps release >99% of the 39Ar in the sample 61502,13_6. These steps 
do show an increase in apparent age with increasing temperature. The ages are also very 
different from each other and very precisely determined, indicating they could be a 
poorly refined age gradient and diffusion profile. Without further refinement of the 
heating increments it’s impossible to say with great certainty what the form this age 
spectra might be. 
Sample 61502,13_7 shows perhaps the clearest example of an age gradient, from 
0 Ma to ~300 Ma. The high MSWD values on the isochron and inverse isochron plots are 
attributed to the age gradient and mixing of more than two age components, hence the 
high MSWD. If a spherule was at the lunar surface and was losing 40Ar* when collected 
this is the form of the age spectra which would be expected. This sample could represent 
a diffusive loss profile, although as the modeling from the diffusion kinetics would not 
expect such a gradient from short (i.e. <40 Myr) duration exposure on the lunar surface. 
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Spherule 61502,13_8 appears to be undisturbed or to have 100% loss. The age 
spectrum is flat and the weighted plateau age of 31.9 ± 29.3 Ma is probably the best age 
for the spherule. The Apollo 16 site has two young features: North Ray Crater (~50 Ma) 
and South Ray Crater (~2 Ma) (Drozd et al., 1974; Eugster, 1999). This glass could have 
formed locally at either North or South Ray Crater, or could have lost all of its 40Ar* from 
surface heating induced diffusion. The precision of the age does not allow either 
hypothesis to be excluded. 
The 40Ar/39Ar ages from lunar spherules are varied as would be expected from 
multiple impact bombardments. One striking feature is that most ages are young 
(≤800Ma) (with the exception of 61502,13_1). A high frequency in young ages has been 
observed in studies of smaller impact grain sizes at the Apollo 16 site (Hui et al., 2009; 
Norman et al., 2012) and in spherules at Apollo 12 (Levine et al., 2005), Apollo 14 
(Culler et al., 2000; Levine et al., 2005), and Apollo 14, 16, and 17 sites (Zellner et al., 
2009b). These ages do not offer definitive proof that diffusion alters the age of lunar 
impact glass as the resolution of the age spectra are too coarse to support such an 
interpretation.  
5.3 Implications for Future 40Ar/39Ar Geochronology on Glass Spherules 
 The degree to which lunar glass spherule 40Ar/39Ar ages preserve a record of the 
impact event that formed them greatly depends on how long the spherule has been 
exposed within the upper 20 mm of the regolith. Dating spherules with the 40Ar/39Ar 
technique necessitates an ability to quantify this exposure duration, however no exposure 
chronometers will precisely date the time of exposure in the upper 20 mm. Exposure 
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dating through the accumulation of 38Ar will produce a minimum age of exposure as it is 
susceptible to the same diffusive loss as 40Ar* is. Isotopes in other exposure dating 
techniques such as 81Kr/Kr (Eugster et al., 1967; Marti, 1967; Marti and Lugmair, 1971) 
provide more promise as they should diffuse more slowly based on Kr’s relatively 
heavier mass. Calculating 81Kr/Kr exposure ages in the same material would provide a 
more robust constraint on the maximum exposure duration, as the accumulation of Kr is 
uniform over depths up to ~1 m. 
 A less quantitative, but simple screening method could be to examine the amount 
of solar Ar released when dating lunar impact glasses. Those spherules with relatively 
high solar contributions are more likely to have spent prolonged periods within the upper 
20 mm, while those with lower solar Ar are more likely to record the true age of 
formation. 
6.0 Conclusions 
Based on the modeling of Apollo 16 39Ar kinetics from spherule 61502,13_7 
under most conditions no significant loss of 40Ar* takes place from burial. Depending on 
the intensity of the heating event 1% loss of 40Ar* is common, but probably not resolvable 
with the 40Ar/39Ar technique. The probability of 10% loss is highly dependent on the 
magnitude of heating and grain size while significant (>50%) loss of 40Ar* only occurs in 
the most extreme thermal events. We have not modeled transient thermal event 
temperatures beyond the Tg temperature, thus the possibility for greater loss at 
temperatures >600°C does exist. The physical state of the glass should be considered 
when high temperature phenomena are proposed as breakage or devitrifiation may occur 
   
  75
at higher temperatures. Our models provide a boundary condition for further modeling 
when age gradients are observed in either glass impact spherules or impact melts. 
Modeling of 40Ar* loss from residence for <40 Myr in the upper 20 mm of the 
lunar regolith suggests that 40Ar* loss is highly sensitive to effective diffusion domain 
size. The vast majority of lunar impact glass spherules are <100 μm radius.  This grain 
size would lose the most 40Ar* causing significant bias to the age.  The spherules in this 
study are large enough that diffusive loss of 40Ar* only minimally affects the age. Loss of 
40Ar*via volume diffusion may help to explain why there are so many young ages in the 
spherule population documented in previous studies. 
The 39Ar kinetics of Apollo 16 glass are similar to those studied more recently in 
terrestrial basalt (Manganelli, 2009; Grove and Manganelli, 2010), but do not show the 
same non-linear trends at moderate temperatures observed in other studies (Hazelton et 
al., 2003). Our Ea values are significantly lower than 
37Ar values in terrestrial basalt 
(Stettler and Bochsler, 1979). Given the agreement between Grove and Manganelli  
(2010) and this study, we are left to conclude that the diffusion kinetics of 37Ar differs 
significantly due to the position in the local range order of the glass where Ca resides or 
some other unaccounted for phenomena which effects the values of 37Ar diffusion. Our 
results suggest that terrestrial basalt may act as a suitable analogue material for future 
Apollo 16 impact glass kinetic studies. 
Models that rely on experimental kinetics only pertain to pure glassy Apollo 16 
material, yet given the similarity to terrestrial basalt the measured kinetics may 
extrapolate to any basaltic glass. In many cases lunar glasses with adhering soil or where 
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recrystallization has begun are dated by the 40Ar/39Ar method. We strongly caution 
against applying the 40Ar/39Ar technique to such material, and stress that sample 
characterization is a critical step in the dating procedure which cannot be overlooked.  
This characterization includes choosing the largest available grain size fraction, as 
smaller spherules are susceptible to diffusive loss of 40Ar* and possibly screening for 
samples which are less likely to have had diffusive loss by only using those with low 
amounts of solar wind Ar. 
The 40Ar/39Ar age results suggest that the Apollo 16 site, like other Apollo sites, 
has a strong component of <800 Ma impact glass which could represent gardening of 
older material, burial of older material, bias from local craters, or increase in impact flux 
during the Copernican. Only one spherule has been positively identified as Eratosthenian 
or older.  
The fact that so many old 40Ar/39Ar isochron and 38Ar exposure ages exist in 
impact (Levine et al., 2007) and volcanic (Spangler et al., 1984) spherules implies that 
either 1) different compositions of lunar impact glass are more retentive then the Apollo 
16 glass studied here, 2) the glasses in other studies may have devitrified yielding 
inapplicable the kinetics calculated here, 3) the glasses are large (>600 μm diameter) 
minimizing diffusive loss, 4) the formation age is much older than their apparent age, or 
5) glasses with old ages may have spent only brief periods exposed at the lunar surface 
due to the stochastic nature of lunar regolith turnover. In the case of the green volcanic 
glasses composition is probably the controlling factor in producing ages ~3.8-3.35 Ga 
(Podosek and Huneke, 1973; Dalrymple and Ryder, 1993) as ultramafic material has less 
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available vacancies between the silica rings than does the Apollo 16 material studied 
here.  
The most important factors which control the age of Apollo 16 impact glass are 
grain size, time exposed in the upper ~20 mm of regolith, and exposure to transient 
thermal events. The grain size can be determined a priori, however determining the 
length of time a specific spherule has resided in the upper 20 mm and the impact history 
adds a significant random component of uncertainty in predicting the fraction of 40Ar* 
lost.  
Using multiple sets of kinetics in impact glasses it should be possible to constrain 
regolith overturn models. If a second source of information were used to obtain the true 
crystallization age of specific spherule (e.g., U/Pb geochronology (Norman et al., 2012)), 
combined with the grain size, lunar heat flow (Vasavada et al., 2012), and apparent 
40Ar/39Ar age it should be possible to invert a sample’s thermal history using the kinetics 
given here to better constrain the amount of time a specific spherule has resided in the 
upper ~20 mm of regolith and/or potential transient thermal events. 
The assumption that the impact liquid is fully degassed upon formation should be 
carefully evaluated. At very high temperatures this is no doubt the case, although if 
temperatures barely exceed the Tm for short time periods the system may contain 
inherited 40Ar. Ar kinetics in basaltic liquids are potentially an area for future 
experimental work to help constrain this aspect of 40Ar/39Ar impact glass dating. 
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Table 1. Average EPMA values for all six lunar glass spherules.  
  (Wt. %) 1σ 
Na2O 0.39 0.03 
Al2O3 26.87 0.15 
CaO 15.37 0.05 
MgO 6.82 0.05 
FeO 4.99 0.06 
K2O 0.06 0.01 
SiO2 44.69 0.19 
P2O5 0.14 0 
TiO2 0.41 0.01 
MnO 0.07 0.01 
Cr2O3 0.11 0.01 
Total 99.93 0.29 
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Table 2. Diffusion Data for 61502,13_7 
61502,13_7 7.2  mg  
(1650 μm 
diameter)  
 
  
step T (°C) 
t 
(min.) 
39Ar  
(cc STP) 
39Ar 
(1σ) 
 
Sum 
Percent 
of 39Ar 
104/T 
(K) log(D/a2) 
1 250 172800 2.90E-15 3.21E-15 0.003 19.12 -15.27 
2 275 172800 6.42E-15 3.24E-15 0.011 18.24 -14.25 
3 300 172800 1.30E-14 3.12E-15 0.025 17.45 -13.5 
4 335 86400 4.15E-15 4.99E-15 0.03 16.44 -13.05 
5 370 86400 2.10E-14 2.83E-15 0.053 15.55 -12.54 
6 405 86400 1.02E-14 3.32E-15 0.065 14.75 -12.37 
7 455 43200 1.36E-14 4.81E-15 0.08 13.73 -11.89 
8 475 43200 6.14E-15 1.84E-15 0.087 13.37 -11.81 
9 525 43200 2.95E-14 2.90E-15 0.121 12.53 -11.53 
10 575 43200 5.00E-14 3.77E-15 0.177 11.79 -11.2 
11 625 21600 3.04E-14 4.27E-15 0.211 11.13 -10.74 
12 675 21600 5.02E-14 2.71E-15 0.268 10.55 -10.54 
13 725 21600 1.09E-13 3.54E-15 0.391 10.02 -10.21 
14 775 10800 7.15E-13 7.25E-15 1.196 9.54 -8.93 
15 825 10800 5.75E-13 8.76E-15 1.845 9.11 -8.56 
16 875 10800 6.97E-14 3.10E-15 1.923 8.71 -8.52 
17 925 10800 5.73E-14 4.44E-15 1.988 8.35 -8.49 
18 1025 3600 1.87E-13 4.53E-15 2.199 7.7 -7.93 
19 1100 3600 3.04E-12 1.81E-14 5.628 7.28 -7.1 
20 1200 3600 1.37E-11 8.14E-14 21.063 6.79 -5.92 
21 1250 3600 5.02E-11 2.68E-13 77.656 6.57 -4.55 
22 1300 720 3.04E-12 2.97E-14 81.086 6.36 -3.78 
23 1355 720 1.22E-11 7.24E-14 94.805 6.14 -3.46 
24 1390 720 4.56E-12 3.09E-14 99.95 6.01 -3 
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Figure 1. A photomicrograph of the lunar spherule 61502,13_7 used in the diffusion 
experiment. The glass is large, nearly perfectly spherical, and has not been devitrified.  
As with nearly all spherules sparse vesicles exist in the interior of the glass, however 
these make up a fairly small fraction of the total volume. 
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Figure 2. Raman spectra of spherules from Apollo 16 sample 61502,13. Broad bands are 
indicative of an amorphous material confirming the spherules have not begun 
devitrification and diffusion measurements are only on glassy material. Similarity 
between the spectra indicates that the glasses are structurally identical to one another. 
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Figure 3. An Arrhenius plot of the 39Ar released from lunar spherule 61503,13_7. The 
dashed line shows the orthogonal least squares linear regression to the data between 
300°C and 675°C and the solid blue lines denote one standard deviation. The linear trend 
suggests volume diffusion is the dominant loss mechanism below the glass transition 
temperature at ~661°C. The departure from linearity is due to the structural transition into 
a super cooled liquid (see text for discussion). 
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Figure 4. A plot showing the viscosity of various melts/glasses of different compositions 
based upon a silicate melt viscosity model (Giordano et al., 2008). The orange line 
indicates 1012 Pa s which is a typical rheological definition for when a vitreous material 
undergoes a change from glass to a supercooled liquid state (Hillig, 1962; Gupta and 
Mauro, 2009). 
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Figure 5. Curves showing the integrated diffusive loss of 40Ar* and production from 40K 
based on the kinetics from Apollo 16 impact glass, simulating isothermal temperature at -
15°C.  Relatively little loss is predicted, even in the very smallest grain sizes only ~5% 
loss occurs for the longest burial durations. Dashed lines represent one sigma uncertainty 
from the diffusion kinetics. 
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Figure 6. Monte Carlo model of 40Ar* loss from isothermal heating from transient thermal 
events such as a nearby impact or burial by an ejecta blanket. Grain size is a strong 
controlling factor in determining the amount of 40Ar* loss. Typical glass radii exposed to 
short duration thermal events require a several hundred degree thermal event for typical 
lunar glasses to lose 10% of the 40Ar*. Protracted thermal perturbations such as those 
possibly formed by ejecta blankets on 0.1-1 Myr time scales have the potential to cause 
significant loss of 40Ar*.  
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Figure 7. With a sinusoidal temperature used to approximate the surface thermal 
variations at the lunar equator, the diffusivity in Apollo 16 impact glass varies over 
nearly 20 orders of magnitude, although most of the diffusive loss occurs over a very 
narrow time and temperature window. Effective diffusivity is used to describe the mean 
diffusion rate, by calculating the area under the blue curve in the above figure and 
dividing it by one lunar day. By using an effective diffusivity equations normally 
restricted to isothermal heating can then be used to describe sinusoidal heating and 
cooling. 
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Figure 8. A plot of fractional loss, accounting for production of 40Ar*, from lunar 
spherules of different diffusion domain radii residing on the lunar surface subjected to 
diurnal temperature variations of 120°C to -150°C.  A.) Shows loss in larger domain sizes 
with loss over 0-4500 Myr while the grey box represents the range of typical exposure 
ages calculated from 38Ar exposure ages on lunar spherules (Levine et al., 2007). The 
dashed lines represent one sigma variation in the diffusion kinetics. B.) Shows smaller 
grain sizes typical of previous 40Ar/39Ar studies (Levine, 2004; Hui et al., 2009; Hui, 
2011) with shorter heating durations typical of the residence times in the upper 20 mm in 
the regolith where large variations in diurnal temperature are expected (Vasavada et al., 
2012).  
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, and signals have been corrected for blanks, decay, and m
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r(k) values are corrected according to procedures described in the text.
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r/36A
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hich indicates terrestrial contam
ination
61502,13_1
G
lass
3.9  m
g
(1500μ
m
 d
iam
eter)
J=
8.90120E
-03
±
0.30%
step
T
 (C
)
t (m
in
.)
36A
r
%
 err
37A
r
%
 err
38A
r
%
 err
39A
r
%
 err
40A
r
%
 err
Σ
39A
r
%
40A
r*
40A
r*/ 39A
rK
A
g
e (M
a)
 1σ
R
em
o
ved
 F
ro
m
 A
g
e 
C
alcu
latio
n
1
200
1440
1.03E
-05
±
2.848
-1.35E
-05
±
488.36
2.11E
-06
±
8.19
1.47E
-08
±
79.69
2.33E
-03
±
0.18
0.000
99.56
9.52E
+04
12194.04
3611.86
Y
es
2
250
1440
-3.96E
-07
±
47.973
-1.11E
-04
±
42.47
-2.05E
-07
±
77.30
1.92E
-08
±
90.04
-8.44E
-04
±
0.40
0.000
99.97
-8.54E
+03
0.00
704.30
Y
es
3
275
1440
-5.56E
-06
±
3.796
-1.76E
-04
±
39.29
-1.09E
-06
±
10.60
-6.22E
-09
±
252.72
-1.92E
-03
±
0.23
0.000
99.72
-1.59E
+04
0.00
789.33
Y
es
4
300
1440
-3.91E
-06
±
5.070
-1.42E
-04
±
62.92
-8.54E
-07
±
15.50
2.76E
-09
±
989.13
-2.08E
-03
±
0.21
0.000
99.82
-1.98E
+04
0.00
1210.76
Y
es
5
370
1440
-2.43E
-06
±
8.077
-1.01E
-04
±
53.36
-7.62E
-07
±
16.88
2.50E
-08
±
89.04
-2.62E
-03
±
0.19
0.001
99.92
-2.67E
+04
0.00
831.40
Y
es
6
410
1440
1.02E
-05
±
2.661
7.03E
-05
±
81.22
1.68E
-06
±
7.61
2.73E
-08
±
59.42
-2.73E
-03
±
0.15
0.001
100.38
1.18E
+05
12579.13
3429.73
Y
es
7
460
1440
4.27E
-05
±
2.099
3.28E
-05
±
235.11
7.06E
-06
±
2.50
1.40E
-08
±
157.20
-2.63E
-03
±
0.13
0.001
101.65
2.81E
+05
14147.99
11336.95
Y
es
8
510
1440
7.65E
-05
±
2.006
-1.38E
-04
±
55.14
1.36E
-05
±
1.87
-1.83E
-08
±
92.31
-2.12E
-03
±
0.16
0.001
103.63
-2.72E
+04
0.00
1285.57
Y
es
9
560
1440
1.04E
-04
±
2.023
-1.22E
-04
±
78.18
1.88E
-05
±
1.44
3.77E
-08
±
51.87
-2.12E
-03
±
0.26
0.001
104.94
-1.78E
+04
0.00
1034.44
Y
es
10
600
12
7.20E
-06
±
5.464
-1.05E
-06
±
10357.62
1.13E
-06
±
10.73
-1.30E
-08
±
136.74
-1.95E
-04
±
64.15
0.001
103.77
1.66E
+04
9044.34
11867.35
Y
es
11
650
12
2.56E
-04
±
1.994
4.39E
-05
±
184.44
4.58E
-05
±
1.22
1.00E
-07
±
21.20
7.02E
-05
±
178.63
0.002
-266.27
-2.73E
+03
0.00
2125.85
12
700
12
2.14E
-04
±
2.001
1.81E
-04
±
60.24
3.61E
-05
±
1.22
3.40E
-07
±
8.76
-1.23E
-04
±
102.21
0.005
276.63
-1.62E
+03
0.00
1057.30
Y
es
13
750
12
1.18E
-04
±
2.016
3.45E
-05
±
212.67
2.20E
-05
±
1.43
1.90E
-07
±
11.63
-1.49E
-04
±
84.30
0.007
179.29
-1.61E
+03
0.00
1134.58
Y
es
14
800
12
1.00E
-04
±
2.032
7.11E
-05
±
123.84
1.82E
-05
±
1.33
3.41E
-07
±
7.78
-8.91E
-05
±
140.73
0.010
212.80
-6.53E
+02
0.00
1534.05
Y
es
15
850
12
7.24E
-05
±
2.051
8.20E
-05
±
123.23
1.32E
-05
±
1.62
5.01E
-07
±
5.66
-1.66E
-04
±
75.43
0.014
143.74
-5.41E
+02
0.00
1263.89
Y
es
16
900
12
1.42E
-05
±
3.362
1.24E
-05
±
840.17
2.50E
-06
±
5.87
1.76E
-07
±
18.02
-1.65E
-04
±
75.78
0.016
108.64
-1.08E
+03
0.00
1719.37
Y
es
17
950
12
5.11E
-05
±
2.133
2.21E
-04
±
50.59
9.90E
-06
±
1.90
1.92E
-06
±
2.23
4.22E
-05
±
297.00
0.033
-20.61
-4.93E
+00
-81.16
1196.16
18
1000
12
2.08E
-04
±
1.998
4.75E
-04
±
24.40
4.12E
-05
±
1.12
4.01E
-06
±
2.19
6.05E
-04
±
20.73
0.069
65.92
1.09E
+02
1223.45
281.37
19
1050
12
3.91E
-05
±
2.260
1.99E
-04
±
69.10
7.32E
-06
±
2.07
2.06E
-06
±
2.35
3.22E
-05
±
389.74
0.088
-21.98
-3.69E
+00
-60.33
1087.90
20
1100
12
2.69E
-05
±
2.417
6.17E
-04
±
16.43
5.43E
-06
±
3.02
3.88E
-06
±
1.34
-2.61E
-05
±
480.09
0.123
202.32
-1.54E
+01
-266.07
680.22
Y
es
21
1150
12
1.40E
-05
±
3.283
5.97E
-04
±
14.39
2.99E
-06
±
4.25
3.67E
-06
±
1.72
1.20E
-04
±
104.20
0.156
88.47
3.29E
+01
464.11
482.27
22
1200
12
4.56E
-06
±
8.119
9.11E
-04
±
16.96
1.76E
-06
±
6.47
6.19E
-06
±
1.34
1.76E
-05
±
711.52
0.212
76.36
2.43E
+00
38.68
356.64
23
1300
12
4.71E
-06
±
7.937
3.45E
-03
±
6.39
4.85E
-06
±
2.60
2.56E
-05
±
0.61
-6.47E
-06
±
1937.88
0.444
147.46
-4.12E
-01
-6.65
87.54
Y
es
24
1375
12
2.37E
-07
±
151.160
6.97E
-04
±
12.30
7.54E
-07
±
15.26
4.10E
-06
±
2.72
-2.29E
-04
±
54.64
0.481
99.93
-6.37E
+01
-1512.88
1296.47
Y
es
25
1475
12
3.38E
-05
±
2.329
7.93E
-03
±
3.58
1.54E
-05
±
1.63
5.74E
-05
±
0.61
6.95E
-03
±
1.80
1.000
99.57
1.34E
+02
1419.10
19.43
26
1500
12
4.71E
-06
±
8.077
2.06E
-05
±
499.13
8.84E
-07
±
14.02
2.54E
-08
±
49.47
1.41E
-03
±
8.89
1.000
99.67
1.33E
+05
12794.80
12814.57
Y
es
27
1600
12
2.10E
-06
±
18.252
-2.46E
-04
±
51.20
3.76E
-07
±
31.73
2.07E
-08
±
87.38
6.06E
-04
±
20.68
1.000
99.63
3.06E
+03
6041.62
892.07
Y
es
61502,13_2
G
lass
2.9  m
g
(1350μ
m
 d
iam
eter)
J=
8.90120E
-03
±
0.30%
step
T
 (C
)
t (m
in
.)
36A
r 
%
 err
37A
r
%
 err
38A
r
%
 err
39A
r
%
 err
40A
r
%
 err
Σ
39A
r
%
40A
r*
40A
r*/ 39A
rK
A
g
e (M
a)
 1σ
R
em
o
ved
 F
ro
m
 A
g
e 
C
alcu
latio
n
1
800
30
1.58E
-04
±
2.00
9.84E
-05
±
87.97
2.90E
-05
±
1.21
1.95E
-06
±
3.57
3.21E
-03
±
1.76
0.042
95.08
1.62E
+03
4951.23
89.60
Y
es
2
925
30
1.38E
-05
±
2.83
1.68E
-04
±
57.13
2.75E
-06
±
2.72
1.48E
-06
±
3.89
6.83E
-05
±
82.75
0.075
79.90
4.01E
+01
551.44
493.27
3
1025
30
7.40E
-06
±
3.92
1.86E
-04
±
56.89
1.56E
-06
±
3.32
1.57E
-06
±
2.59
4.21E
-05
±
134.11
0.109
82.51
2.42E
+01
352.74
521.24
4
1150
30
5.06E
-06
±
5.23
5.25E
-04
±
26.83
1.31E
-06
±
4.85
3.80E
-06
±
2.08
4.18E
-05
±
135.21
0.192
88.09
1.08E
+01
165.32
242.57
5
1225
30
9.87E
-07
±
23.91
8.51E
-04
±
18.59
9.80E
-07
±
3.65
6.26E
-06
±
1.16
1.79E
-06
±
3151.54
0.328
60.18
1.91E
-01
3.07
160.70
6
1300
12
2.46E
-07
±
16.89
-2.03E
-04
±
43.66
2.82E
-08
±
110.52
4.83E
-07
±
5.01
2.74E
-05
±
3.49
0.338
98.42
4.29E
+01
584.73
57.02
Y
es
7
1300
12
1.15E
-07
±
32.41
-3.23E
-05
±
301.18
1.21E
-08
±
281.33
3.65E
-07
±
8.56
-3.10E
-05
±
3.24
0.346
100.60
-8.05E
+01
-2281.14
916.55
Y
es
8
1390
12
5.29E
-06
±
2.38
4.97E
-03
±
4.30
4.94E
-06
±
1.28
3.00E
-05
±
0.62
3.28E
-04
±
0.31
0.999
98.97
1.23E
+01
187.43
1.83
9
1425
12
8.90E
-07
±
3.84
-7.12E
-05
±
147.43
9.89E
-08
±
29.70
4.44E
-08
±
29.40
2.23E
-04
±
0.58
1.000
99.56
2.32E
+03
5562.90
1381.94
Y
es
10
1525
12
2.11E
-07
±
29.78
6.77E
-05
±
145.72
1.65E
-08
±
200.62
1.56E
-08
±
70.20
6.79E
-05
±
1.76
1.000
99.72
-2.05E
+03
0.00
4157.12
Y
es
61502,13_4
G
lass
3.2  m
g
(1450μ
m
 d
iam
eter)
J=
8.90120E
-03
±
0.30%
step
T
 (C
)
t (m
in
.)
36A
r 
%
 err
37A
r
%
 err
38A
r
%
 err
39A
r
%
 err
40A
r
%
 err
Σ
39A
r
%
40A
r*
40A
r*/39A
rK
A
g
e (M
a)
 1σ
R
em
o
ved
 F
ro
m
 A
g
e 
C
alcu
latio
n
1
750
12
5.28E
-05
±
2.05
-4.59E
-05
±
420.22
9.54E
-06
±
1.34
2.13E
-06
±
1.65
4.56E
-03
±
1.00
0.008
98.83
2.09E
+03
5377.71
114.93
Y
es
2
975
120
1.82E
-05
±
2.17
2.93E
-03
±
10.44
5.55E
-06
±
2.87
2.66E
-05
±
0.74
4.76E
-04
±
1.65
0.112
96.14
1.87E
+01
277.81
5.43
3
1150
120
1.03E
-05
±
2.82
5.36E
-03
±
5.14
7.10E
-06
±
2.42
4.18E
-05
±
0.75
1.24E
-03
±
0.70
0.275
99.29
3.24E
+01
458.24
4.92
4
1250
120
1.49E
-05
±
2.23
1.16E
-02
±
4.47
1.46E
-05
±
1.42
8.66E
-05
±
0.55
7.72E
-04
±
1.02
0.612
98.63
9.73E
+00
150.22
1.96
5
1350
60
1.44E
-05
±
5.57
1.36E
-02
±
4.65
1.63E
-05
±
1.45
9.96E
-05
±
0.53
1.48E
-04
±
129.73
1.000
93.70
1.54E
+00
24.63
33.88
6
1385
12
2.26E
-06
±
7.12
2.06E
-04
±
128.54
3.91E
-07
±
9.60
3.08E
-08
±
44.94
6.46E
-04
±
7.07
1.000
99.66
-5.48E
+03
0.00
3005.55
Y
es
61502,13_6
G
lass
6.4  m
g
(1380μ
m
 d
iam
eter)
J=
8.90120E
-03
±
0.30%
step
T
 (C
)
t (m
in
.)
36A
r 
%
 err
37A
r
%
 err
38A
r
%
 err
39A
r
%
 err
40A
r
%
 err
Σ
39A
r
%
40A
r*
40A
r*/ 39A
rK
A
g
e (M
a)
 1σ
R
em
o
ved
 F
ro
m
 A
g
e 
C
alcu
latio
n
1
600
180
3.17E
-03
±
1.99
5.54E
-04
±
105.52
5.56E
-04
±
1.01
5.51E
-07
±
10.40
7.06E
-03
±
8.72
0.002
54.64
2.52E
+04
9798.04
4999.15
2
700
180
2.67E
-03
±
1.99
4.38E
-05
±
1257.48
4.83E
-04
±
1.02
5.79E
-07
±
9.80
4.16E
-04
±
147.91
0.004
-545.40
-4.14E
+03
0.00
1450.71
89
3
800
180
2.03E
-03
±
1.99
2.78E
-04
±
201.06
3.88E
-04
±
1.02
6.33E
-06
±
1.75
-8.60E
-04
±
71.51
0.024
335.00
-4.70E
+02
0.00
533.77
Y
es
4
900
180
6.50E
-05
±
4.35
-2.45E
-05
±
1985.47
1.27E
-05
±
3.89
5.13E
-07
±
10.28
-1.78E
-03
±
34.47
0.026
103.63
-3.49E
+03
0.00
1393.92
Y
es
5
1000
180
7.39E
-05
±
3.94
-1.79E
-04
±
543.11
1.41E
-05
±
3.42
7.38E
-07
±
7.19
-2.28E
-03
±
26.94
0.029
103.23
-2.72E
+03
0.00
1606.38
Y
es
6
1150
180
2.35E
-04
±
2.26
1.63E
-03
±
38.46
4.70E
-05
±
1.45
2.05E
-05
±
0.74
-4.40E
-03
±
13.97
0.096
105.32
-2.40E
+02
0.00
458.46
Y
es
7
1250
30
5.01E
-05
±
2.04
9.61E
-03
±
5.53
1.97E
-05
±
1.17
6.67E
-05
±
0.59
4.57E
-04
±
0.38
0.314
90.03
6.88E
+00
107.43
1.25
8
1310
12
1.22E
-05
±
5.51
7.77E
-03
±
12.48
1.11E
-05
±
1.53
5.60E
-05
±
0.60
-1.60E
-04
±
107.18
0.497
105.30
-3.34E
+00
-54.54
56.37
Y
es
9
1390
12
5.82E
-05
±
2.37
2.02E
-02
±
5.82
3.46E
-05
±
1.19
1.53E
-04
±
0.53
8.88E
-03
±
1.93
0.998
99.45
6.39E
+01
813.91
13.88
10
1410
12
1.82E
-05
±
3.96
8.70E
-05
±
797.64
3.56E
-06
±
4.24
4.24E
-07
±
10.21
5.53E
-03
±
3.10
0.999
99.67
1.52E
+04
8892.17
2483.22
Y
es
11
1450
12
6.76E
-06
±
9.44
5.78E
-04
±
115.44
1.32E
-06
±
9.24
1.92E
-07
±
20.48
2.06E
-03
±
8.33
1.000
99.69
-9.16E
+03
0.00
3939.30
Y
es
61502,13_7
G
lass
7.2  m
g
(1650μ
m
 d
iam
eter)
J=
8.90120E
-03
±
0.30%
step
T
 (C
)
t (m
in
.)
36A
r 
%
 err
37A
r
%
 err
38A
r
%
 err
39A
r
%
 err
40A
r
%
 err
Σ
39A
r
%
40A
r*
40A
r*/ 39A
rK
A
g
e (M
a)
 1σ
R
em
o
ved
 F
ro
m
 A
g
e 
C
alcu
latio
n
1
175
2880
2.67E
-05
±
2.66
-4.93E
-04
±
120.96
4.69E
-06
±
4.16
-2.39E
-08
±
77.11
1.65E
-03
±
0.40
0.000
98.36
4.92E
+03
6876.47
2295.78
Y
es
2
200
2880
7.15E
-05
±
2.06
-5.09E
-04
±
114.46
1.29E
-05
±
2.00
-1.35E
-08
±
170.67
1.77E
-03
±
0.46
0.000
95.93
4.83E
+03
6843.08
2103.72
Y
es
3
225
2880
9.73E
-05
±
2.07
-7.34E
-04
±
54.37
1.77E
-05
±
2.34
-9.67E
-09
±
205.99
2.54E
-05
±
32.57
0.000
-285.38
-1.40E
+02
0.00
5180.39
Y
es
4
250
2880
1.01E
-04
±
2.03
9.51E
-04
±
77.15
1.82E
-05
±
1.82
1.91E
-08
±
110.58
1.14E
-03
±
0.60
0.000
91.08
-1.56E
+03
0.00
1548.24
Y
es
5
275
2880
1.16E
-04
±
2.04
-4.94E
-04
±
143.28
2.05E
-05
±
1.46
4.22E
-08
±
50.39
8.11E
-04
±
0.82
0.000
85.59
1.75E
+03
5076.86
2177.60
Y
es
6
300
2880
2.19E
-04
±
1.99
-5.32E
-04
±
169.75
3.86E
-05
±
1.31
8.52E
-08
±
24.10
4.18E
-04
±
1.85
0.000
46.99
4.20E
+02
2812.06
1982.28
Y
es
7
335
1440
2.58E
-04
±
2.00
3.26E
-04
±
371.58
4.57E
-05
±
1.09
2.73E
-08
±
120.37
-5.70E
-03
±
0.09
0.000
104.56
2.88E
+04
10036.89
7580.32
Y
es
8
370
1440
6.21E
-04
±
1.99
1.29E
-05
±
5220.73
1.10E
-04
±
1.08
1.38E
-07
±
13.51
-5.25E
-03
±
0.12
0.000
111.92
-4.57E
+04
0.00
6808.76
Y
es
9
405
1440
8.23E
-04
±
1.98
-2.35E
-03
±
26.64
1.47E
-04
±
1.02
6.68E
-08
±
32.64
1.75E
-03
±
0.32
0.001
52.54
5.23E
+02
3132.28
383.49
Y
es
10
455
720
1.27E
-03
±
1.99
3.41E
-03
±
40.28
2.36E
-04
±
1.08
8.97E
-08
±
35.21
1.40E
-03
±
0.25
0.001
9.32
-5.54E
+01
-1228.33
840.89
11
475
720
7.07E
-04
±
1.99
-5.75E
-04
±
242.49
1.27E
-04
±
1.04
4.04E
-08
±
29.91
1.39E
-03
±
0.32
0.001
48.89
1.50E
+03
4815.88
3716.26
Y
es
12
525
720
4.47E
-03
±
1.98
-8.30E
-04
±
118.34
7.91E
-04
±
1.04
2.13E
-07
±
9.36
1.23E
-02
±
0.28
0.001
63.45
9.65E
+03
8073.70
1559.47
Y
es
13
575
720
1.03E
-02
±
1.98
-1.30E
-04
±
630.09
1.85E
-03
±
1.01
3.29E
-07
±
7.54
1.94E
-02
±
0.02
0.002
46.98
2.16E
+04
9520.81
2508.78
Y
es
14
625
360
9.92E
-03
±
1.98
-2.28E
-03
±
47.48
1.81E
-03
±
1.01
2.00E
-07
±
14.09
9.45E
-03
±
0.05
0.002
-5.36
-2.75E
+02
0.00
1911.91
Y
es
15
675
360
1.27E
-02
±
1.98
-3.17E
-03
±
22.85
2.35E
-03
±
1.00
3.30E
-07
±
5.37
5.41E
-03
±
0.08
0.003
-134.92
-2.79E
+03
0.00
384.29
Y
es
16
725
360
2.21E
-02
±
1.98
-3.45E
-03
±
23.89
4.19E
-03
±
1.01
7.17E
-07
±
3.25
4.33E
-03
±
0.08
0.004
-408.81
-5.54E
+03
0.00
346.82
Y
es
17
775
180
1.96E
-02
±
1.98
7.12E
-04
±
137.12
3.83E
-03
±
1.00
4.70E
-06
±
1.02
3.31E
-03
±
0.07
0.012
-486.03
-3.85E
+03
0.00
317.61
18
825
180
2.19E
-03
±
1.98
6.35E
-04
±
118.24
4.23E
-04
±
1.01
3.78E
-06
±
1.52
3.95E
-04
±
0.52
0.018
-451.63
-5.36E
+02
0.00
378.87
19
875
180
5.39E
-04
±
1.99
7.23E
-04
±
120.04
1.02E
-04
±
1.03
4.58E
-07
±
4.46
-1.80E
-04
±
1.28
0.019
398.21
1.16E
+04
8399.36
18010.03
Y
es
20
925
180
7.27E
-04
±
1.99
1.34E
-03
±
43.00
1.38E
-04
±
1.01
3.77E
-07
±
7.73
2.06E
-04
±
1.10
0.020
-252.72
8.86E
+02
3951.06
1137.98
21
1025
60
1.16E
-03
±
1.99
4.77E
-04
±
215.36
2.19E
-04
±
1.05
1.23E
-06
±
2.43
4.38E
-05
±
79.73
0.022
-2545.18
-1.26E
+03
0.00
1660.34
22
1100
60
2.12E
-03
±
1.98
1.64E
-03
±
46.42
4.07E
-04
±
1.02
1.58E
-05
±
0.76
5.17E
-04
±
6.74
0.049
-308.25
-1.09E
+02
-6410.38
3288.10
23
1200
60
1.13E
-03
±
1.99
1.18E
-02
±
8.15
2.31E
-04
±
1.03
9.11E
-05
±
0.59
8.43E
-04
±
18.13
0.205
-33.15
-3.38E
+00
-55.27
31.16
24
1250
60
1.66E
-04
±
2.02
4.35E
-02
±
3.65
9.51E
-05
±
1.09
3.31E
-04
±
0.53
1.34E
-03
±
2.61
0.771
89.85
4.01E
+00
63.44
1.97
25
1300
12
1.51E
-05
±
2.70
3.30E
-03
±
34.49
7.30E
-06
±
2.01
2.48E
-05
±
0.79
1.46E
-04
±
46.91
0.814
91.03
5.91E
+00
92.69
46.69
26
1355
12
3.09E
-05
±
2.31
1.17E
-02
±
12.13
2.15E
-05
±
1.36
8.33E
-05
±
0.57
5.32E
-04
±
12.82
0.956
95.63
6.80E
+00
106.29
13.94
27
1390
12
1.01E
-05
±
3.47
4.64E
-03
±
19.90
6.77E
-06
±
1.43
2.56E
-05
±
0.79
4.63E
-04
±
14.73
1.000
98.47
2.05E
+01
303.65
42.72
28
1420
12
2.63E
-06
±
10.84
-5.99E
-05
±
1568.42
5.03E
-07
±
8.20
2.91E
-07
±
4.69
6.52E
-04
±
10.47
1.000
99.59
1.94E
+03
5256.80
3459.59
Y
es
61502,13_8
G
lass
2.5  m
g
(1300μ
m
 d
iam
eter)
J=
8.90120E
-03
±
0.30%
step
T
 (C
)
t (m
in
.)
36A
r 
%
 err
37A
r
%
 err
38A
r
%
 err
39A
r
%
 err
40A
r
%
 err
Σ
39A
r
%
40A
r*
40A
r*/ 39A
rK
A
g
e (M
a)
 1σ
R
em
o
ved
 F
ro
m
 A
g
e 
C
alcu
latio
n
1
750
12
4.19E
-04
±
1.99
-5.85E
-07
±
23230.31
7.70E
-05
±
1.13
1.09E
-06
±
4.49
3.96E
-03
±
1.10
0.005
89.38
3.24E
+03
6139.66
176.07
Y
es
2
925
120
2.02E
-04
±
2.14
1.83E
-03
±
13.23
3.97E
-05
±
1.38
1.50E
-05
±
1.09
4.49E
-04
±
85.51
0.078
55.16
1.80E
+01
269.29
387.93
3
1025
120
1.22E
-04
±
2.38
6.12E
-04
±
23.72
2.36E
-05
±
1.59
4.80E
-06
±
1.75
-2.14E
-04
±
178.97
0.102
156.63
-7.70E
+01
-2092.62
4508.52
Y
es
4
1175
120
3.50E
-04
±
2.04
5.71E
-03
±
3.45
7.13E
-05
±
1.29
4.07E
-05
±
0.74
2.95E
-04
±
130.05
0.299
-17.73
-1.43E
+00
-23.18
171.16
5
1275
120
4.61E
-06
±
33.02
1.34E
-03
±
20.38
1.75E
-06
±
14.76
7.50E
-06
±
1.27
-9.54E
-04
±
40.25
0.335
100.44
-1.46E
+02
0.00
3126.41
Y
es
6
1380
60
2.95E
-05
±
3.75
1.89E
-02
±
3.29
2.20E
-05
±
1.22
1.37E
-04
±
0.51
2.75E
-04
±
84.43
1.000
91.30
2.04E
+00
32.52
29.81
7
1400
12
7.45E
-08
±
249.95
1.91E
-04
±
100.56
-9.86E
-09
±
735.61
8.57E
-08
±
20.24
-1.66E
-05
±
262.51
1.000
99.99
3.22E
+02
2446.13
5048.48
Y
es
90
   
  91
Chapter 2- Appendix C 
61503,13_1 
 
 
   
  92
61503,13_2 
 
 
 
 
 
 
 
   
  93
61503,13_4 
 
61503,13_6 
 
 
   
  94
61503,13_7 
 
 
 
 
61503,13_8 
   
  95
 
 
 
 
 
 
 
 
 
 
 
 
   
  96
7.0 References 
Abramov, O., Mojzsis, S.J., 2009. Microbial habitability of the Hadean Earth during the 
late heavy bombardment. Nature, 459(7245): 419-422. 
Abramov, O., Mojzsis, S.J., 2012. Modeling of Impact Ejecta Temperatures on the Earth 
and the Moon. 43rd Lunar and Planetary Science Confrence. 
Abramov, O., Wong, S.M., Kring, D.A., 2012. Differential melt scaling for oblique 
impacts on terrestrial planets. Icarus, 218(2): 906-916. 
Alexander, E.C., Jr., Davis, P.K., Lewis, R.S., 1972. Argon-40-Argon-39 Dating of 
Apollo Sample 15555. Science, 175(4020): 417-419. 
Alibert, C., Norman, M.D., McCulloch, M.T., 1994. An ancient Sm-Nd age for a ferroan 
noritic anorthosite clast from lunar breccia 67016. Geochimica et Cosmochimica 
Acta, 58(13): 2921-2926. 
Amirkhanoff, K.I., Brandt, S.B., Bartnitsky, E.N., 1961. Radiogenic Argon in Minerals 
and Its Migration. Annals of the New York Academy of Sciences, 91(2): 235-275. 
Arnold, J., 1975. Monte Carlo simulation of turnover processes in the lunar regolith, 
Proceedings of the 6th Lunar Science Conference. Pergamon Press, Houston, TX, 
pp. 2375-2395. 
Ashworth, D.G., 1977. Lunar and planetary impact erosion. In: McDonnell, J.A.M. (Ed.), 
Cosmic Dust. J. Wiley, pp. 427. 
   
  97
Baldwin, R.B., 2006. Was there ever a Terminal Lunar Cataclysm?: With lunar viscosity 
arguments. Icarus, 184(2): 308-318. 
Barra, F. et al., 2006. 40Ar/39Ar dating of Apollo 12 regolith: Implications for the age of 
Copernicus and the source of nonmare materials. Geochimica et Cosmochimica 
Acta, 70(24): 6016-6031. 
Behrens, H., 2010a. Ar, CO2 and H2O diffusion in silica glasses at 2 kbar pressure. 
Chemical Geology, 272(1-4): 40-48. 
Behrens, H., 2010b. Noble Gas Diffusion in Silicate Glasses and Melts. Reviews in 
Mineralogy and Geochemistry, 72(1): 227-267. 
Bogard, D.D., Garrison, D.H., Shih, C.Y., Nyquist, L.E., 1994. 39Ar-40Ar dating of two 
lunar granites: The age of Copernicus. Geochimica et Cosmochimica Acta, 
58(14): 3093-3100. 
Bottke, W.F. et al., 2012. An Archaean heavy bombardment from a destabilized 
extension of the asteroid belt. Nature, 485(7396): 78-81. 
Buchdahl, R., Nielsen, L.E., 1950. Transitions in High Polymeric Materials. Journal of 
Applied Physics, 21(6): 482-487. 
Carroll, M.R., 1991. Diffusion of Ar in rhyolite, orthoclase and albite composition 
glasses. Earth and Planetary Science Letters, 103(1-4): 156-168. 
   
  98
Carroll, M.R., Stolper, E.M., 1991. Argon solubility and diffusion in silica glass: 
Implications for the solution behavior of molecular gases. Geochimica et 
Cosmochimica Acta, 55(1): 211-225. 
Carslaw, H.S., Jaeger, J.C., 1959. Conduction of heat in solids. Oxford University Press, 
510 pp. 
Chapman, C.R., Cohen, B.A., Grinspoon, D.H., 2007. What are the real constraints on the 
existence and magnitude of the late heavy bombardment? Icarus, 189(1): 233-245. 
Cockell, C.S., 2006. The origin and emergence of life under impact bombardment. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
361(1474): 1845-1856. 
Cohen, B.A., Swindle, T.D., Kring, D.A., 2000. Support for the Lunar Cataclysm 
Hypothesis from Lunar Meteorite Impact Melt Ages. Science, 290(5497): 1754-
1756. 
Cohen, B.A., Swindle, T.D., Kring, D.A., 2005. Geochemistry and 40Ar-39Ar 
geochronology of impact-melt clasts in feldspathic lunar meteorites: Implications 
for lunar bombardment history. Meteoritics & Planetary Science, 40(5): 755-777. 
Crank, J., 1979. The mathematics of diffusion. Oxford University Press, USA, 414 pp. 
Crozaz, G. et al., 1970. Nuclear track studies of ancient solar radiations and dynamic 
lunar surface processes. In: Levinson, A.A. (Editor), Proceedings of the Apollo 11 
Lunar Science Conference. Pergammon Press, Houston, TX, pp. 2051. 
   
  99
Culler, T.S., Becker, T.A., Muller, R.A., Renne, P.R., 2000. Lunar Impact History from 
40Ar/39Ar Dating of Glass Spherules. Science, 287(5459): 1785-1788. 
Dalrymple, G.B., Lanphere, M.A., Pringle, M.S., 1988. Correlation diagrams in 40Ar/39Ar 
dating: Is there a correct choice? Geophysical Research Letters, 15(6): 589-591. 
Dalrymple, G.B., Ryder, G., 1993. 40Ar/39Ar Age Spectra of Apollo 15 Impact Melt 
Rocks by Laser Step-Heating and Their Bearing on the History of Lunar Basin 
Formation. Journal of Geophysical Research, 98(E7): 13085-13095. 
Dalrymple, G.B., Ryder, G., 1996. Argon-40/Argon-39 age spectra of Apollo 17 
highlands breccia samples by laser step heating and the age of the Serenitatis 
basin. Journal of Geophysical Research, 101(E11): 26069-26084. 
Debenedetti, P.G., Stillinger, F.H., 2001. Supercooled liquids and the glass transition. 
Nature, 410(6825): 259-267. 
Delano, J.W. et al., 2007. An integrated approach to understanding Apollo 16 impact 
glasses: Chemistry, isotopes, and shape. Meteoritics and Planetary Science, 42(6): 
993. 
Dodson, M.H., 1973. Closure temperature in cooling geochronological and petrological 
systems. Contributions to Mineralogy and Petrology, 40(3): 259-274. 
Dodson, M.H., 1979. Theory of cooling ages. In: Jäger, E., Hunzinker, J.C. (Eds.), 
Lectures in isotope geology, pp. 194–202. 
   
  100
Draper, D.S., Carroll, M.R., 1995. Argon diffusion and solubility in silicic glasses 
exposed to an Ar-He gas mixture. Earth and Planetary Science Letters, 132(1-4): 
15-24. 
Drozd, R.J., Hohenberg, C.M., Morgan, C.J., Ralston, C.E., 1974. Cosmic-ray exposure 
history at the Apollo 16 and other lunar sites: lunar surface dynamics. Geochimica 
et Cosmochimica Acta, 38(10): 1625-1642. 
Eugster, O., 1999. Chronology of dimict breccias and the age of South Ray crater at the 
Apollo 16 site. Meteoritics & Planetary Science, 34(3): 385-391. 
Eugster, O., Eberhardt, P., Geiss, J., 1967. 81Kr in meteorites and 81Kr radiation ages. 
Earth and Planetary Science Letters, 2(2): 77-82. 
Eugster, O., Terribilini, D., Polnau, E., Kramers, J., 2001. The antiquity indicator argon-
40/argon-36 for lunar surface samples calibrated by uranium-235-xenon-136 
dating. Meteoritics & Planetary Science, 36(8): 1097-1115. 
Fechtig, H., Kalbitzer, S., 1966. The Diffusion of Argon in Potassium-Bearing Solids. In: 
Schaeffer, O.A., Zähringer, J. (Eds.), Potassium Argon Dating. Springer, 
Heidelberg, Germany, pp. 68–107. 
Finkel, R. et al., 1971. Depth variation of cosmogenic nuclides in a lunar surface rock and 
lunar soil, Proceedings of the Lunar Science Conference. M.I.T. Press, pp. 1773. 
Frick, U. et al., 1973. Diffusion properties of light noble gases in lunar fines, Proceedings 
of the Fourth Lunar Science Confrence, pp. 1987-2002. 
   
  101
Gault, D., Hörz, F., Brownlee, D., Hartung, J., 1974. Mixing of the lunar regolith, 
Proceedings of the 5th Lunar Science Conference. Pergamon Press, Inc., Houston, 
TX, pp. 2365-2386. 
Giordano, D., Russell, J.K., Dingwell, D.B., 2008. Viscosity of magmatic liquids: A 
model. Earth and Planetary Science Letters, 271(1-4): 123-134. 
Gogarten-Boekels, M., Hilario, E., Gogarten, J.P., 1995. The effects of heavy meteorite 
bombardment on the early evolution — The emergence of the three Domains of 
life. Origins of Life and Evolution of Biospheres, 25(1): 251-264. 
Goles, G.G., Fish, R.A., Anders, E., 1960. The record in the meteorites-I: The former 
environment of stone meteorites as deduced from K40-Ar40 ages. Geochimica et 
Cosmochimica Acta, 19(3): 177-195. 
Gomes, R., Levison, H.F., Tsiganis, K., Morbidelli, A., 2005. Origin of the cataclysmic 
Late Heavy Bombardment period of the terrestrial planets. Nature, 435(7041): 
466-469. 
Grove, M., Manganelli, S., 2010. Thermochronologic Implications of Low-Temperature 
(100-300°C) Ar Difussion in Basaltic Glass, AGU Fall Confrence, San Francisco, 
CA, pp. 2170. 
Gupta, P.K., Mauro, J.C., 2009. Composition dependence of glass transition temperature 
and fragility. I. A topological model incorporating temperature-dependent 
constraints. The Journal of Chemical Physics, 130(9): 094503-8. 
   
  102
Harmer, R.E., Eglington, B.M., 1990. A review of the statistical principles of 
geochronometry; towards a more consistent approach for reporting 
geochronological data. South African Journal of Geology, 93(5-6): 845-856. 
Hartmann, W.K., 1965. Terrestrial and lunar flux of large meteorites in the last two 
billion years. Icarus, 4(2): 157-165. 
Hartmann, W.K., 1970. Lunar cratering chronology. Icarus, 13(2): 299-301. 
Hartmann, W.K., 1977. Relative crater production rates on planets. Icarus, 31(2): 260-
276. 
Hazelton, G.B., Axen, G., Lovera, O., 2003. Argon retention properties of silicate glasses 
and implications for 40Ar/39Ar age and noble gas diffusion studies. Contributions 
to Mineralogy and Petrology, 145(1): 1-14. 
Heiken, G., Vaniman, D., French, B.M., 1991. Lunar sourcebook: A user's guide to the 
Moon. Cambridge University Press, 736 pp. 
Hillig, W. (Ed.), 1962. Modern aspects of the vitreous state. Washington DC: 
Butterworth Inc. 
Hörz, F., Hartung, J.B., Gault, D.E., 1971. Micrometeorite Craters on Lunar Rock 
Surfaces. Journal of Geophysical Research, 76(23): 5770-5798. 
Hui, S.S.M., 2011. Microanalysis of impactors of the Earth and impact products from the 
Moon, Australian National University Canberra, Australia, 371 pp. 
   
  103
Hui, S.S.M., Norman, M.D., Jourdan, F., 2009. Tracking Formation and Transport of 
Apollo 16 Lunar Impact Glasses through Chemistry and Dating. In: Short, W., 
Cairns, I. (Editors), 9th Australian Space Science Conference, Sydney, Australia. 
Huneke, J.C., 1976. Diffusion artifacts in dating by stepwise thermal release of rare 
gases. Earth and Planetary Science Letters, 28(3): 407-417. 
Huneke, J.C., 1978. 40Ar-39Ar microanalysis of single 74220 glass balls and 72435 
breccia clasts, 9th Lunar and Planetary Science Conference. Pergamon Press, Inc., 
Houston, TX., pp. 2345-2362. 
Husain, L., Schaeffer, O.A., Sutter, J.F., 1972. Age of a Lunar Anorthosite. Science, 
175(4020): 428-430. 
Jourdan, F., Reimold, W.U., Deutsch, A., 2012. Dating Terrestrial Impact Structures. 
Elements, 8(1): 49-53. 
Jourdan, F., Verati, C., Féraud, G., 2006. Intercalibration of the Hb3gr 40Ar/39Ar dating 
standard. Chemical Geology, 231(3): 177-189. 
Joy, K.H., Kring, D.A., Bogard, D.D., McKay, D.S., Zolensky, M.E., 2011. Re-
examination of the formation ages of the Apollo 16 regolith breccias. Geochimica 
et Cosmochimica Acta, 75(22): 7208-7225. 
Koeberl, C., 2006. The record of impact processes on the early Earth: A review of the 
first 2.5 billion years. Geological Society of America Special Papers, 405: 1-22. 
   
  104
Koppers, A.A.P., 2002. ArArCALC—software for 40Ar/39Ar age calculations. Computers 
& Geosciences, 28(5): 605-619. 
Kring, D., 2000. Impact-induced hydrothermal activity and potential habitats for 
thermophilic and hyperthermophilic life, Catastrophic Events and Mass 
Extinctions: Impacts and Beyond, Vienna, Austria. 
Kring, D.A., Cohen, B.A., 2002. Cataclysmic bombardment throughout the inner solar 
system 3.9-4.0 Ga. Journal of Geophysical Research, 107(E2): 5009. 
Kumins, C.A., Roteman, J., 1961. Diffusion of gases and vapors through polyvinyl 
chloride-polyvinyl acetate copolymer films I. Glass transition effect. Journal of 
Polymer Science, 55(162): 683-698. 
Langevin, Y., Arnold, J.R., 1977. The evolution of the lunar regolith. Annual Review of 
Earth and Planetary Sciences, 5(1): 449-489. 
Levine, J., 2004. Lunar glass spherules as probes of the meteoroid impact history of the 
Moon. Ph. D dissertation, 2004. 280 pages; United States--California: University 
of California, Berkeley; 2004. Publication Number: AAT 3165463. DAI-B, 
66(02): 945. 
Levine, J., Becker, T.A., Muller, R.A., Renne, P.R., 2005. 40Ar/39Ar dating of Apollo 12 
impact spherules. Geophysical Research Letters, 32: L15201. 
Levine, J., Renne, P.R., Muller, R.A., 2007. Solar and cosmogenic argon in dated lunar 
impact spherules. Geochimica et Cosmochimica Acta, 71(6): 1624-1635. 
   
  105
Levison, H.F. et al., 2009. Contamination of the asteroid belt by primordial trans-
Neptunian objects. Nature, 460(7253): 364-366. 
Levison, H.F. et al., 2001. Could the Lunar "Late Heavy Bombardment" Have Been 
Triggered by the Formation of Uranus and Neptune? Icarus, 151(2): 286-306. 
Lineweaver, C.H., Norman, M., 2009. The Bombardment History of the Moon and the 
Origin of Life on Earth. In: Short, W., Cairns, I. (Editors), 8th Australian Space 
Science Conference Series:  Conference Proceedings NSSA Full Referreed 
Proceedings CD,(ed) National Space Society of Australia Ltd, edt. , conference 
held in Canberra, Australia Sept. 
Lubchenko, V., Wolynes, P.G., 2007. Theory of structural glasses and supercooled 
liquids. Annual Review of Physical Chemistry, 58: 235-266. 
Lux, G., 1987. The behavior of noble gases in silicate liquids: Solution, diffusion, 
bubbles and surface effects, with applications to natural samples. Geochimica et 
Cosmochimica Acta, 51(6): 1549-1560. 
Maher, K.A., Stevenson, D.J., 1988. Impact frustration of the origin of life. Nature, 
331(6157): 612-614. 
Manganelli, S., 2009. Low-Temperature Argon Diffusion in Basaltic Glass Measured 
Using Image Furnace Methods, Stanford University, Stanford, CA, 49 pp. 
   
  106
Marchi, S., Bottke, W.F., Kring, D.A., Morbidelli, A., 2012. The onset of the lunar 
cataclysm as recorded in its ancient crater populations. Earth and Planetary 
Science Letters, 325–326(0): 27-38. 
Marti, K., 1967. Mass-Spectrometric Detection of Cosmic-Ray-Produced Kr81 in 
Meteorites and the Possibility of Kr-Kr Dating. Physical Review Letters, 18(7): 
264-266. 
Marti, K., Lugmair, G.W., 1971. Kr81-Kr and K-Ar40 ages, cosmic-ray spallation 
products, and neutron effects in lunar samples from Oceanus Procellarum, 
Proceedings of the Lunar Science Conference, pp. 1591-1605. 
McDougall, I., Harrison, T.M., 1999. Geochronology and Thermochronology by the 
40Ar/39Ar Method. Oxford University Press, USA, 269 pp. 
McEwen, A.S., Moore, J.M., Shoemaker, E.M., 1997. The Phanerozoic impact cratering 
rate: Evidence from the farside of the Moon. Journal of Geophysical Research, 
102(E4): 9231-9242. 
Meares, P., 1954. The Diffusion of Gases Through Polyvinyl Acetate. Journal of the 
American Chemical Society, 76(13): 3415-3422. 
Merrihue, C., Turner, G., 1966. Potassium-Argon Dating by Activation with Fast 
Neutrons. Journal of Geophysical Research, 71(11): 2852-2857. 
Miller, S.L., Lazcano, A., 1995. The origin of life—did it occur at high temperatures? 
Journal of Molecular Evolution, 41(6): 689-692. 
   
  107
Morbidelli, A., Marchi, S., Bottke, W.F., Kring, D.A., 2012. A sawtooth-like timeline for 
the first billion years of lunar bombardment. Earth and Planetary Science Letters, 
355–356(0): 144-151. 
Mussett, A.E., 1969. Diffusion Measurements and the Potassium-Argon Method of 
Dating. Geophysical Journal of the Royal Astronomical Society, 18(3): 257-303. 
Nagihara, S., Taylor, P.T., Williams, D.R., Saito, Y., 2010. Long-Term Warming of 
Surface and Subsurface Temperatures Observed at Apollo 15 and 17 Sites: 
Implications for Future Lunar Geophysical Missions, LPI Contributions. LPI 
Contribution No. 1530, Ground-Based Geophysics on the Moon, pp. 3008. 
Nakayama, G.S., Shackelford, J.F., 1990. Solubility and diffusivity of argon in vitreous 
silica. Journal of Non-Crystalline Solids, 126(3): 249-254. 
Neukum, G., Ivanov, B.A., Hartmann, W.K., 2001. Cratering Records in the Inner Solar 
System in Relation to the Lunar Reference System. Space Science Reviews, 
96(1): 55-86. 
Nisbet, E.G., Sleep, N.H., 2001. The habitat and nature of early life. Nature, 409(6823): 
1083-1091. 
Norman, M.D., 2009. The Lunar Cataclysm: Reality or "Mythconception"? Elements, 
5(1): 23-28. 
   
  108
Norman, M.D., Duncan, R.A., Huard, J.J., 2006. Identifying impact events within the 
lunar cataclysm from 40Ar–39Ar ages and compositions of Apollo 16 impact melt 
rocks. Geochimica et Cosmochimica Acta, 70(24): 6032-6049. 
Norman, M.D., Zellner, N.E.B., Adena, K., 2012. A New Approach to Dating Lunar 
Spherules Using U-Th-Pb Chemical Ages, 43rd Lunar and Planetary Science 
Confrence, The Woodlands, TX. 
Papanastassiou, D.A., Wasserburg, G.J., 1971. Rb-Sr ages of igneous rocks from the 
Apollo 14 mission and the age of the Fra Mauro formation. Earth and Planetary 
Science Letters, 12(1): 36-48. 
Perkins, W.G., Begeal, D.R., 1971. Diffusion and Permeation of He, Ne, Ar, Kr, and D2 
through Silicon Oxide Thin Films. The Journal of Chemical Physics, 54(4): 1683-
1694. 
Pidgeon, R.T., Nemchin, A.A., Meyer, C., 2010. The contribution of the sensitive high-
resolution ion microprobe (SHRIMP) to lunar geochronology. Precambrian 
Research, 183(1): 44-49. 
Plescia, J.B., 2012. Uncertaintites in the <3 Ga Lunar Impact Cratering Chronology, 43rd 
Lunar and Planetary Science Confrence, The Woodlands, TX. 
Podosek, F.A., Huneke, J.C., 1973. Argon in Apollo 15 green glass spherules (15426): 
40Ar-39Ar age and trapped argon. Earth and Planetary Science Letters, 19(4): 413-
421. 
   
  109
Ramesh, N., Davis, P.K., Zielinski, J.M., Danner, R.P., Duda, J.L., 2011. Application of 
free-volume theory to self diffusion of solvents in polymers below the glass 
transition temperature: A review. Journal of Polymer Science Part B: Polymer 
Physics, 49(23): 1629-1644. 
Reichenberg, D., 1953. Properties of Ion-Exchange Resins in Relation to their Structure. 
III. Kinetics of Exchange. Journal of the American Chemical Society, 75(3): 589-
597. 
Renne, P.R., Mundil, R., Balco, G., Min, K., Ludwig, K.R., 2010. Joint determination of 
40K decay constants and 40Ar*/40K for the Fish Canyon sanidine standard, and 
improved accuracy for 40Ar/39Ar geochronology. Geochimica et Cosmochimica 
Acta, 74(18): 5349-5367. 
Roddick, J.C., 1978. The application of isochron diagrams in 40Ar-39Ar dating: A 
discussion. Earth and Planetary Science Letters, 41(2): 233-244. 
Roselieb, K., Rammensee, W., Büttner, H., Rosenhauer, M., 1995. Diffusion of noble 
gases in melts of the system SiO2---NaAlSi2O6. Chemical Geology, 120(1-2): 1-
13. 
Ryder, G., 2003. Bombardment of the Hadean Earth: wholesome or deleterious? 
Astrobiology, 3(1): 3-6. 
Schwartzman, D., Lineweaver, C., 2004. The hyperthermophilic origin of life revisited. 
Biochemical Society Transactions, 32: 168-171. 
   
  110
Shelby, J.E., Eagan, R.J., 1976. Helium Migration in Sodium Aluminosilicate Glasses. 
Journal of the American Ceramic Society, 59(9-10): 420-425. 
Sleep, N.H., Zahnle, K.J., Kasting, J.F., Morowitz, H.J., 1989. Annihilation of 
ecosystems by large asteroid impacts on the early Earth. Nature, 342(6246): 139-
142. 
Spangler, R.R., Warasila, R., Delano, J.W., 1984. 39AR-40AR AGES FOR THE APOLLO 
15 GREEN AND YELLOW VOLCANIC GLASSES. Proceedings of the 
Fourteenth Lunar and Planetary Science Conference, Part 2 (Journal of 
Geophysical Research Supplement), 89(S2): B487-B497. 
Stettler, A., Bochsler, P., 1979. He, Ne and Ar composition in a neutron activated sea-
floor basalt glass. Geochimica et Cosmochimica Acta, 43(1): 157-169. 
Strom, R.G., Malhotra, R., Ito, T., Yoshida, F., Kring, D.A., 2005. The Origin of 
Planetary Impactors in the Inner Solar System. Science, 309(5742): 1847-1850. 
Tera, F., Papanastassiou, D.A., Wasserburg, G.J., 1973. A Lunar Cataclysm at ~3.95 AE 
and the Structure of the Lunar Crust, Abstracts of the Lunar and Planetary Science 
Conference, pp. 723-725. 
Tera, F., Papanastassiou, D.A., Wasserburg, G.J., 1974. Isotopic evidence for a terminal 
lunar cataclysm. Earth and Planetary Science Letters, 22(1): 1-21. 
Tsiganis, K., Gomes, R., Morbidelli, A., Levison, H.F., 2005. Origin of the orbital 
architecture of the giant planets of the Solar System. Nature, 435(7041): 459-461. 
   
  111
Turner, G., 1970. 40Ar-39Ar age determination of lunar rock 12013. Earth and Planetary 
Science Letters, 9(2): 177-180. 
Turner, G., 1971. 40Ar-39Ar ages from the lunar maria. Earth and Planetary Science 
Letters, 11(1–5): 169-191. 
Turner, G., Cadogan, P., Yonge, C.J., 1973. Argon selenochronology, Proceedings of the 
Lunar and Planetary Science Conference pp. 1889-1914. 
Turner, G., Huneke, J.C., Podosek, F.A., Wasserburg, G.J., 1971. 40Ar-39Ar ages and 
cosmic ray exposure ages of Apollo 14 samples. Earth and Planetary Science 
Letters, 12(1): 19-35. 
Vasavada, A.R. et al., 2012. Lunar equatorial surface temperatures and regolith properties 
from the Diviner Lunar Radiometer Experiment. Journal of Geophysical 
Research, 117: E00H18. 
Vasavada, A.R., Paige, D.A., Wood, S.E., 1999. Near-Surface Temperatures on Mercury 
and the Moon and the Stability of Polar Ice Deposits. Icarus, 141(2): 179-193. 
Wendt, I., Carl, C., 1991. The statistical distribution of the mean squared weighted 
deviation. Chemical Geology: Isotope Geoscience section, 86(4): 275-285. 
York, D., 1969. Least squares fitting of a straight line with correlated errors. Earth and 
Planetary Science Letters, 5(0): 320-324. 
York, D., Kenyon, W.J., Doyle, R.J., 1972. 40Ar-39Ar ages of Apollo 14 and 15 samples, 
Lunar and Planetary Science Conference, pp. 1613-1622. 
   
  112
Zellner, N.E.B. et al., 2009a. Apollo 17 regolith, 71501, 262: A record of impact events 
and mare volcanism in lunar glasses. Meteoritics and Planetary Science, 44: 839-
851. 
Zellner, N.E.B. et al., 2009b. Evidence from 40Ar/39Ar ages of lunar impact glasses for an 
increase in the impact rate ~800 Ma ago. Geochimica et Cosmochimica Acta, 
73(15): 4590-4597. 
 
 
 
 
 
 
 
 
 
 
 
 
   
  113
Chapter 3 
Diffusion of Neon from Lunar Impact Glasses and Implications for the 
Interpretation of Lunar Glass Exposure Ages 
Abstract: 
Ne from solar wind (SW), galactic cosmic rays (GCR), and fast neutron reactions 
were used to determine the diffusion rate of Ne in Apollo 16 impact glass. The diffusion 
calculations and subsequent models were designed to predict if 21Ne exposure ages can 
be determined from impact glasses or if the glasses exhibit open system behavior on the 
lunar surface. The diffusion kinetics for all three Ne isotopes from an Apollo 16 glass 
overlap within two sigma uncertainty (20Ne: 38.37 ± 2.38 kcal/mol, log(D0/a
2)=6.55 ± 
0.93 s-1; 21Ne: 37.20 ± 2.19 kcal/mol, log(D0/a
2)=5.02 ± 0.85 s-1; 22Ne: 38.94 ± 2.39 
kcal/mol, log(D0/a
2)=6.70 ± 0.93 s-1). Kinetics for Ne diffusion of a synthetic tachylite, 
used as an analogue material was also calculated. Diffusion kinetics of 21Ne and 22Ne 
from the tachylite overlap within two sigma uncertainty (20Ne: 21.97 ± 0.37 kcal/mol, 
log(D0/a
2)=0.92 ± 0.13 s-1; 21Ne: 25.78 ± 0.34 kcal/mol, log(D0/a
2)=2.32 ± 0.12 s-1; 22Ne: 
25.08 ± 0.35 kcal/mol, log(D0/a
2)=2.12 ± 0.12 s-1), however the tachylite is much less 
retentive to Ne loss under geologic conditions than the Apollo 16 glass. Much of the 
diffusant in the Apollo 16 glass was derived from the solar wind while the Ne measured 
in the tachylite was generated from irradiation by fast neutron reactions. Based on 
previous studies the reactor associated Ne is observed to release at similar temperatures 
to GCR derived Ne. The variations in kinetics between the Apollo impact glass and the 
synthetic tachylite could be caused by a difference in the materials, either from radiation 
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damage, or from differences in the Ne generation process. Modeling from the kinetics of 
solar wind Ne shows solar wind Ne is closed to diffusive loss while buried in the lunar 
regolith, while at the surface 100% loss of Ne occurs after ~5 - ~60 Myr of exposure 
depending on the grain size. No predictions are made for Necosmogenic as there is 
uncertainty if synthetic tachylite from Nereactor behaves in a similar manner to Necosmogenic 
in Apollo 16 impact glass. 
 
Key Words: exposure age, neon, lunar, diffusion 
 
1.0 Introduction: Exposure Dating of Lunar Surfaces 
Dating lunar impact glasses with exposure chronometers such as 21Ne may allow 
precise erosion rate estimates of the lunar regolith based upon how long a glass shard has 
resided in the upper regolith. The accumulation of spallogenic 21Ne has previously been 
used to date the time of exposure in both terrestrial (Graf et al., 1994; Schäfer et al., 
1999; Gosse and Phillips, 2001) and extraterrestrial materials (Wieler, 2002a; Eugster, 
2003). Noble gas measurements provide a relatively simple and precise measurement to 
date surfaces based on the accumulation of 3He, 21Ne, 38Ar, and 81Kr through spallation 
reactions. By measuring the accumulated concentration of 21Ne coupled with an 
independently measured production rate the age of the material can be determined. The 
fact that 21Ne is a stable isotope makes it ideal for recording extended periods of exposure 
such as those on the lunar surface. One assumption made when using the concentration of 
21Ne to determine exposure ages is the material which accumulates 21Ne does not lose 
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21Ne under ambient surface conditions.  In the past application of the 21Ne exposure 
dating technique has met with difficulty due to the propensity of Ne to diffuse out of 
minerals at ambient lunar temperatures (Frick et al., 1973; Drozd et al., 1974), therefore it 
is necessary to know the diffusion kinetics of Ne in impact glasses so any open system 
behavior of 21Ne can be assessed. 
 To accomplish this goal we combine a relatively underutilized method of fast 
neutron irradiation (e.g., Stettler and Bochsler, 1979; Gourbet et al., 2012) to produce 
21Ne, 22Ne, and 20Ne in situ that are subsequently measured with a noble gas mass 
spectrometer. 
2.0 Background 
 Ducati et al. (1973) measured diffusion rates after ion implanting Ne in lunar 
analogue glass and degassing the solar wind from lunar glasses. Activation energies in 
natural glasses range from 45-56 kcal mol-1 while in their synthetic counterparts all have 
activation energies ~41 kcal mol-1. This discrepancy was ascribed to trapping of Ne in 
radiation damaged zones in lunar impact glasses, a phenomena documented in metals 
(Erents and Carter, 1967) and recently in mineral systems such as apatite (Shuster et al., 
2006). Unfortunately no Arrhenius pre-exponential factors (D0) were calculated as Ne 
was measured in dynamic mode while temperature was linearly increased. As discrete 
temperature-time intervals are not known, the use of this data is limited when assessing 
kinetic parameters. Ducati et al. (1973) suggested that exposure to natural radiation 
produces differences in diffusion rates; however it still remains a question whether these 
systems are open to Ne loss over lunar timescales. 
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 In a later work, Matsuda et al. (1989) measured Ne diffusion in obsidian glasses, 
including seven terrestrial volcanic glasses and one terrestrial impact glass. Activation 
energies ranged from 17.5-21.7 kcal mol-1 and D0=3.4x10
-3-7.2x10-7 cm2 s-1 although the 
composition does not closely match that of typical lunar materials.  
2.1 Generating In Situ Neon in a Reactor 
 Neon can be produced in situ though neutron irradiation of a sample in a nuclear 
reactor to generate Ne from reactions on Mg and Na. Adaptations of this technique to 
generate Ne have been proposed previously (Hall, 2007; Cassata, 2011), although the 
generation of uniform gradients for diffusion experiments has only been used rarely 
(Stettler and Bochsler, 1979; Gourbet et al., 2012). During neutron irradiation, 
homogeneous production of Ne (Nereactor) requires: 1) uniform concentrations of the 
target elements, 2) a low flux of thermal neutrons, and 3) a sample large enough to negate 
alpha-recoil effects. The primary targets are isotopes of Mg and Na through the reactions 
24Mg(n,α)21Ne, 24Mg(n,nα)20Ne, 25Mg(n,α)22Ne, 25Mg(n,nα)21Ne, 26Mg(n,nα)22Ne, 
23Na(n,np)22Ne, and 23Na(n,α)20F(β-)20Ne.  The reaction 19F(n,γ)20F(β-)20Ne also produces 
20Ne, however in this work due to the extremely low concentration of volatile elements 
(Table 1) in lunar glasses and low energy of the neutron reaction, this source is deemed 
insignificant. Most of the reactions rely on fast neutrons, thus irradiating in or near a core 
position is optimal for the reactions to proceed (Fig. 1, 2) and Cd, Gd, or BN shielding 
should be used to attenuate any thermal neutron flux. As the flux of high energy neutrons 
in a 235U fission based reactor tails off rapidly the primary reactions are those which can 
proceed at <10MeV (i.e., 25Mg(n,α)22Ne, 24Mg(n,α)21Ne, and 23Na(n,α)20F(β-)20Ne). 
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If significant 22Na is produced from other natural spallogenic reactions on the 
lunar surface, the relatively large epithermal-fast cross section of 22Na(n,p)21Ne can 
generate additional 21Nereactor however due to the nearly four decades of time since 
collection any 22Na will have long since decayed away removing natural 22Na 
(T1/2=2.60d) as a potential target to generate 
21Nereactor. 
2.2.1 Solar Wind (SW) Composition 
In lunar impact glass, implantation from the solar wind, neutron reactions on the 
lunar surface, and spallation reactions can all produce Ne. Natural ions of Ne are 
implanted in the surface of lunar glasses from the solar wind (SW).  SW composition has 
two sources, a low energy source which is ~1×10-3 MeV/amu (Zinner, 1980) and 
penetrates to depth of ~30-50 nm (Walker, 1975; Zinner, 1980) for light elements and 
~200 nm for Ne (Grimberg et al., 2006). 
Solar flare particles have the same composition as SW, and are thus isotopically 
grouped together; however their energies are much more intense and flux lower. Solar 
flare proton fluxes are ~6 orders of magnitude lower than SW (Taylor, 1982), although 
their higher energies allow implantation of mm to cm scale (Walker, 1980). Due to the 
low energy and shallow implantation most of the SW Ne should be degassed at low 
temperatures during stepwise heating. 
Values with slightly lower 20Ne/22Ne than SW previously thought to represent a 
second component (solar energetic particles) have been recently shown to be the result of 
depth dependent isotopic fractionation of 22Ne and 20Ne (Grimberg et al., 2006; Wieler et 
al., 2007). 
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2.2.2 Galactic Cosmic Rays (GCR) Composition 
Galactic cosmic rays (GCR) which produce spallation products, galactic 
cosmogenic nuclides (GCN), are the only source of Ne with a high enough energy to 
saturate the entire grain as the stopping distances are on the order of tens of cm (Leya et 
al., 2000) to meters (Walker, 1980) where fluxes of protons can exceed 1GeV at 1 AU 
(Michel et al., 1991).  We do not know a priori if gradients exist in the glasses from GCR 
without knowing the precise burial history of the glasses. However if one assumes glasses 
are exposed at or near the surface the GCN content should be evenly distributed. The 
glasses are also small compared to the GCN gradients in lunar soil so any across-grain 
gradients are probably minimal. 
The GCN are formed from a combination of reactions relating to neutron and to a 
lesser degree protons in the GCR (Masarik et al., 2001) which generate 20Ne, 21Ne and 
22Ne. The primary targets of these reactions are Mg, Al, Si, and Fe (Eugster et al., 2006; 
Leya and Masarik, 2009). 
A second component of high energy protons are the solar cosmic rays (SCR). The 
implantation energies are ~10 MeV and can thus produce spallation reactions like GCR, 
but at depths limited to a few mm, potentially generating gradients in glasses exposed at 
the very surface.  
3.0 Analytical Methods - Geochemistry 
 A single 1650 μm diameter spherule of lunar highlands basalt from Apollo 16 was 
analyzed with a Cameca SX100 electron microprobe using repeated spot analysis across a 
small flat surface polished on the edge of the grain (Table 1, Appendix B). Major 
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elements are homogeneously distributed including the major target elements for Ne 
reactions, Mg and Na. The electron beam was operated at an accelerating voltage of 15 
keV, 50nA current, and the beam was defocused to 20 μm in an effort to eliminate the 
loss of volatile elements. Elements were calibrated on a series of internal mineral and 
glass standards.  
3.1 Irradiation Procedures 
 Samples were wrapped in Al foil and encapsulated in evacuated quartz tubes. The 
samples were irradiated at the Oregon State University (OSU) TRIGA research reactor, 
in the Cd-lined in core irradiation tube operating at 1MW. Samples were irradiated for 
35.02 hours and the flux was monitored using hornblende flux monitor PP-20 (Jourdan et 
al., 2006; Renne et al., 2010) with a J value (Merrihue and Turner, 1966) of 8.90x10-3 ± 
2.67×10-5 which equates to an approximate total flux of ~7×1017 n/cm2. Irradiated 
samples were subsequently unwrapped and loaded into the ultra high vacuum extraction 
line. 
 Sample X11, a sample of terrestrial tachylite, was made by melting terrestrial 
basalt from the midcontinent rift. The material was then sieved to the 200-250 μm size 
fraction and irradiated in the same position in the OSU reactor as the lunar glass 
61503,13_7 for 4 hours at 1MW. The J value of this sample was monitored with flux 
monitor GA1550 (McDougall and Wellman, 2011) resulting in a J of 1.04x10-3 ± 
5.49×10-6 or a flux of ~2.8×1016 n/cm2. Sample extraction and heating procedures were 
identical to the lunar sample 61503,13_7 except for the duration of the heating steps. 
3.2 Noble Gas Extraction 
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Samples were heated in a small volume Ta crucible in a double vacuum resistance 
furnace. Temperatures were determined via a C-type thermocouple in contact with the 
bottom of the crucible. The temperature gradient between the inside of the crucible and 
the bottom was <1°C based on results of double thermocouple experiments. The sample 
reached the set point temperature within two minutes, closely approximating a square 
thermal pulse. The step heating experiments were conducted over a wide range of 
temperatures from 175-1450°C and durations of 48 hours to 12 minutes. Blanks were run 
before and after each sample analysis. To calculate diffusivities only those temperature 
steps are used where sample gas is found to be above the blank value. The lunar sample 
was loaded and analyzed without any encasing foils to eliminate any atmospheric derived 
Ne component. During heating temperatures were digitally monitored and recorded to 
make sure no temperature fluctuations occurred. 
After the gas was extracted it was exposed to one hot SAES ST-707 getter (held 
at 2A) and one cold for ~9 minutes to remove reactive gasses. The gas was expanded into 
a VG-5400 mass spectrometer and peaks at m/e=44, 40, 39, 38, 37, 36, 35, 22, 21, 20, 19, 
and 16 were measured by hopping the magnetic field (from high to low values). 
3.3 Isobaric Interference Corrections 
Neon has isobaric interferences from 44(CO2)
++
 on m/e=22 and 
40Ar++, 20(HF), and 
20(H2O) on m/e=20. The VG-5400 mass spectrometer has an M/ΔM of ~600 which is too 
low to completely resolve these interferences. In order to differentiate the greatest peak 
overlap at m/e=22 a M/ΔM of ~6200 is needed (Marrocchi et al., 2009), so an alternative 
method of deconvolution is required. A known quantity of air was trapped in a cryogenic 
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trap at 35K, warmed past the Ne desorption point and below the Ar desorption point 
which was experimentally determined to be ~85K. Subsequently all the Ne was pumped 
away leaving frozen CO2 and Ar in the charcoal trap. The frozen CO2 and Ar mix was 
warmed to 293K and expanded from the cryogenic trap into the extraction line.  In the 
extraction line multiple progressively smaller aliquots of CO2 and Ar gas was expanded 
into the mass spectrometer to test for any pressure dependence in the ionization 
efficiency of these species. The partial pressure in the mass spectrometer has been shown 
to have an effect on 44(CO2)/
 44(CO2)
++, and several methods have been proposed to 
develop correction factors to account for this (Niedermann et al., 1993; Graf et al., 1994; 
Marrocchi et al., 2009). We tested whether a correction for 44(CO2)/
 44(CO2)
++ was 
required by performing a series of measurements to calculate an empirically derived 
correction factor using 40Ar as a proxy for the total partial pressure to determine 
ionization factor of 44(CO2)/
 44(CO2)
++ dependent on partial pressure. In experiments over 
the range of ~5.3×10-9 – 2.5×10-10 cc STP of 40Ar no pressure dependent ionization was 
observed. Values of both 44(CO2) and
 44(CO2)
++ were near blank (~9.7×10-13 cc STP and 
~2.9×10-13 cc STP respectively) and the uncertainty on the measurement was high due to 
the large blank corrections. These near blank values of 44(CO2) and 
44(CO2)
++ indicated 
gettering was highly efficient at removing any interfering 44(CO2) therefore we conclude 
that a correction for 44(CO2)/
 44(CO2)
++ is not required. 
The interferences on m/e=20 are significantly larger than that of 44(CO2)/
 
44(CO2)
++ on m/e=22 although in this case a M/ΔM of ~600 can partially resolve the 
major interference of 40Ar++ from 20Ne (Niedermann et al., 1993). The same calibration 
method to account for interferences on m/e=22 were performed by measuring m/e=20 
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and m/e=40 with all of the 20Ne cryogenically removed. A linear relationship (r2=.9999) 
is observed between 40Ar++ and 40Ar across the same range of partial pressures where 
44(CO2)/
 44(CO2)
++ was calibrated. Eighteen repeated measurements of 40Ar+/40Ar++ at 
different partial pressures show no pressure dependence (Fig. 3), and a tightly constrained 
40Ar+/40Ar++ value of 261.76 ± 3.20 (1 σ). By measuring the signal intensity at m/e=40 
and this ratio we correct for signal intensity caused by 40Ar++ when measuring 20Ne. 
A series of more minor interferences also exist including 20(HF), and 18O1H2.  
Neither of these were corrected for as no significant increase in m/e=19 and m/e=16 over 
blank was observed during the analyses. 
3.4 Diffusion Calculations 
 Diffusivities were calculated based on the assumption that initial Ne is distributed 
homogeneously within the glass. The diffusion domain is assumed to be the size of the 
glass and a spherical approximation to the diffusion equation (Reichenberg, 1953; 
Fechtig and Kalbitzer, 1966) was used to calculate the diffusivity for each temperature 
step.  Due to solar wind implantation in the strictest the sense the initial assumption of 
homogeneous Ne distribution across the entire grain is false in lunar samples. If we 
assume the region around the surface is saturated in SW, then the assumption is true for 
very small fractions of gas lost as the flux of Ne coming from the surface is far greater 
than the flux derived from the inner portions of the sphere. This approximation is the 
same as describing the sphere as a series of very thin concentric shells (Boyd et al., 1947) 
where diffusion from the outer shells are the dominate factor in calculating small values 
of fraction lost. As long as a uniform concentration of Ne exists and volume diffusion 
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occurs the points on an Arrhenius diagram should be linear. Once the flux of Ne derived 
from an inhomogeneous area of the glass is significant then the data should become 
nonlinear on an Arrhenius plot as one of the initial assumptions is then violated. 
Diffusivity was plotted against inverse temperature on an Arrhenius diagram (Fig. 
4). The uncertainty on the Arrhenius plot shown by the data scatter is assumed to be 
much greater than the analytical uncertainty on the isotopic analysis thus analytical 
uncertainty is not propagated when calculating kinetic parameters. 
Kinetics are calculated based on the Arrhenius equation (eq. 1) where D is the 
diffusivity (cm2 sec-1), Ea is the activation energy (kcal mol
-1), D0 is the frequency factor 
(cm2 sec-1), R is the gas constant (cal K-1 mol -1), T is temperature (K), and a is the 
effective diffusion domain radius (cm). The Ea is calculated based on the slope of the 
linear regression fit to the data on the Arrhenius plot and log(D0/a
2) is the ordinate 
intercept of this line. 
RTEae
a
D
a
D /
2
0
2
           (1) 
4.0 Results 
In the Arrhenius plot from sample 61503,13_7 20Ne and 22Ne are nearly 
indistinguishable below ~675 °C while 21Ne plots with similar slope, but lower log(D0/a
2) 
value (Fig. 4, Table 2). However the kinetics determined from all three isotopes overlap 
within one standard deviation implying they are statistically indistinguishable. 
 The first two temperature steps, 175 and 200°C, fall off the linear trend of the 
other ≤370°C data. Above 370°C the slope defined by the data decreases, implying that 
   
  124
loss of Ne is less sensitive to increases in temperature. Convergence of all Ne 
diffusivities is achieved at ~1200-1380°C. 
Linear trends on an Arrhenius plot indicate Ne loss via volume diffusion over the 
corresponding temperature range between 225 and 370°C. The linearity confirms the 
assumption made in the application of the spherical approximation to the diffusion 
equation, that SW is homogeneously distributed in the outer rind of the sphere. If the 
material was not saturated or inhomogeneous the points would not be linear on the 
Arrhenius plot. 
 Data over this range was used to calculate kinetic parameters. The first two data 
points (175 and 200°C) were not used in the linear regression and make up <<1% of the 
total gas released. The first two data points were also not used in an attempt to both 
maximize the coefficient of determination, r2, and to eliminate contamination from 
adhering atmospheric Ne. Using the criteria of maximizing the r2 value 370°C was the 
last data point included comprising a total of six data points in calculating the kinetic 
parameters. 
The activation energy (Ea) and frequency factors (D0) for all three Ne isotopes are 
summarized in Table 2. The kinetic parameters for each Ne isotope from 61503,13_7 all 
overlap within two sigma uncertainty and the mean kinetic parameters are Ea=38.17 ± 
2.84 kcal mol-1 and log(D0/a
2)=6.09 ± 1.11 s-1 (1σ).  
Kinetics were calculated for tachylite sample X11 and plotted on an Arrhenius 
plot (Fig. 5). Data for which signal was at or below blank (all of these points were 
>550°C) were not included in calculations. Over the temperatures used to calculate the 
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kinetics (250-550°C) 21Ne and 22Ne overlap within two sigma uncertainty. The mean 
kinetic values for Ne diffusion from X11 are Ea=24.27 ± 0.36 kcal mol
-1 and 
log(D0/a
2)=1.79 ± 0.15 s-1 (1σ) and the kinetics of each isotope of Ne are summarized in 
Table 2.  
On the Arrhenius plot for sample X11 (Fig. 5) the data shows a break in slope 
~650°C, this is coincident with the glass transition temperature in basaltic glass 
(Burkhard, 2001). At this temperature the material changes from a glass to supercooled 
liquid (Ryan and Sammis, 1981; Debenedetti and Stillinger, 2001; Giordano et al., 2008) 
similar to how a phase transition occurs in minerals at higher temperatures.  The slight 
deviation in log(D/a2) values from the 20Ne may indicate a correction problem from 
40Ar++ interference or could result from an inhomogeneous distribution of Na which only 
generates 20Ne while Mg isotopes generate 20Ne, 21Ne, and 22Ne.  
4.1 Three Isotope Neon Plots 
In lunar samples Ne can originate from three sources: 1) noble gas trapped during 
crystallization of the sample, 2) cosmogenic Ne produced due to nuclear reaction 
between energetic cosmic ray particles and target elements, 3) surface implanted solar 
wind Ne. Neon isotopic composition of trapped and implanted solar Ne are not different 
however cosmic ray produced Ne is isotopically different. A Ne three isotope plot can 
potentially distinguish these components therefore data corresponding to each heating 
step was plotted on such a plot (Fig. 6). As can be seen, at low temperature (< 500°C), Ne 
which is compositionally similar to pure SW Ne is released. As temperature increases 
21Ne/22Ne increases while the 20Ne/22Ne decreases, suggesting release of cosmogenic 
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and/or reactor produced Ne. The plot shows a mixing line between these components. 
The high temperatures are enriched in 21Ne compared to chondritic cosmogenic/galactic 
cosmic ray Ne (GCR) (Fig. 6) clearly indicating the component, which we interpret as 
Nereactor. The reactor generated Ne is expected to be highly enriched in 
21Ne as 24Mg 
generates 21Ne, has the second largest cross section, and makes up ~79% of the natural 
Mg. 
Since there are three components (SW, GCR, and Nereactor) a specific value for the 
pure reactor component cannot be established as some GCR 21Ne may alter the 21Ne/22Ne 
value. In other unirradiated lunar samples similar trends have been observed as SW 
degases at lower temperatures progressing to a GCR component at high temperatures 
(Hohenberg et al., 1970). 
By plotting results of experiments performed on synthetic X11 tachylite on a three 
isotope Ne diagram (Fig. 7) essentially the only component which exists is Nereactor, as it 
is many orders of magnitude larger than any Neatmospheric and SW and GCR do not exist. 
The range of values is very narrow, and nearly overlaps with the high temperature cluster 
of points in Fig. 6, indicating that the high temperature mixing component in 61503,13_7 
is predominantly Nereactor and has very little GCR. 
5.0 Interpretation 
 The scatter over the 175-200°C range on the 61503,13_7 Arrhenius plot could be 
explained from surface degassing from the outer rind of the glass. An outer layer of 
physical damage exists in lunar impact glasses which is formed from micrometeorites and 
ion bombardment (Durrani et al., 1974; Housley et al., 1974). This outer damaged region 
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could alter the diffusion kinetics of the very shallowly implanted Ne at the lowest 
temperatures. The small fraction of total Ne in these initial two steps (<<1%) supports 
this hypothesis. If this hypothesis is correct then kinetic parameters should be fit only to 
temperatures above 200°C in order to ignore surface and implantation damage. 
 The SW component could be much less retentive than the reactor produced 
component as low temperature steps are almost entirely SW and only at higher 
temperatures does the 20Ne/22Ne decreases as the SW component is exhausted. This 
depletion of SW at higher temperatures could also be explained by an extreme 
enrichment in the outer rind of the glass by SW and as degassing progresses the source of 
SW Ne is exhausted, while GCR and Nereactor continues to degas (Fig. 6, 7). This 
hypothesis would predict a flat concentration profile towards the outside of the spherule 
where the glass is saturated by a combination of components (Fig. 8). As the flux of Ne is 
derived more from the center at higher temperatures then the ratio of SW to other 
components should decrease. If this interpretation is correct, and small enough fractions 
(at low temperatures) of the gas are examined, the saturated region would appear linear in 
Arrhenius space initially, followed by a non-linear trend as the concentration profile is 
not homogeneous. 
If GCR, Nereactor, and SW are similar in their kinetics and we assume the tachylite 
is generally compositionally similar to Apollo 16 impact glass the results from the two 
materials should have similar kinetics. Instead both Ea and log(D0/a
2) values are very 
different in each material (Table 2). This could be explained by two different mechanisms 
1) the materials have significant concentration gradients and/or 2) there are differences in 
diffusion kinetics between SW and Nereactor and possibly GCN Ne. 
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5.1 Modeling 
 Based upon the mean kinetics for each material and the assumption that the 
effective diffusion domain size, a, is the radius of the glass we have calculated fractional 
losses for each glass, using the equation of fractional loss (f) from a sphere (eq. 2)  
(Carslaw and Jaeger, 1959; Crank, 1979), where D is diffusivity and t is time. 
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No production term is integrated into this equation due the number of variables which 
effect the production of Ne on the lunar surface, thus the models will slightly 
overestimate any loss which may occur. 
Assuming the temperature is held isothermally at -15°C (the temperature >200 
mm depth in the lunar regolith at the equator (Vasavada et al., 2012)) for between 0 and 
4500 Myr with a domain radius of 100 μm <0.03% of the gas would be lost using the 
kinetics calculated from the Apollo 16 glass. Using the same model condition the Nereactor 
kinetics derived from sample X11 yield ~80% loss after 4000 Myr (Fig. 9). 
The next model uses the same size impact glass, and instead calculates how the 
effect of varying diurnal temperatures from -150 - 120°C on the lunar surface would 
affect the diffusivity (D). Here we use the average kinetics from both X11 and 
61503,13_7 and calculate an effective diffusivity (De). To calculate the effective 
diffusivity D is calculated as the temperature changes over a synodic month with 
temperature assumed to follow a sinusoidal trend. The area under the D curve is then 
integrated and divided by the total time to calculate what the effective diffusivity per 
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second would be. Using this method and assuming as in the previous model a=100μm, De 
of 61503,13_7 is 4.74×10-19 cm2 s-1 and X11 is 1.19×10-16 cm2 s-1. Both of these values 
were used to model the fractional loss of a glass sitting at the lunar surface. Both sets of 
kinetics show nearly instantaneous (<5 Myr) 100% loss. By increasing a to 500μm 
domain radius, 100% loss is achieved in 61503,13_7 at ~60Myr while X11 kinetics still 
show geologically instantaneous loss.  
For large glasses, such as the 500 μm diameter spherules modeled using the 
kinetics calculated from the lunar glass, one would expect the glasses to only be partially 
reset from residing on the lunar surface. Using an approximate erosion rate of ~0.5-1 mm 
Myr-1 (Crozaz et al., 1970; Finkel et al., 1971; Hörz et al., 1971; Ashworth, 1977), 
combined with the models of Vasavada et al. (2012) which shows the zone of extreme 
temperature variation only extends ~20 mm deep, the maximum exposure duration to 
diurnal temperature variations is probably ~20 Myr. Assuming no production (which 
would reduce the fraction loss yet further) a 500 μm diameter lunar glass looses ~81% of 
the accumulated Ne over 20 Myr. 
These models shows that using either set of kinetics the impact glasses act as 
either open or partially open systems when on the lunar surface, but when buried beneath 
the regolith the kinetics derived from 61503,13_7 show the system is closed while the 
kinetics from the tachylite X11 show partial open system behavior on Gyr timescales. 
6.0 Discussion 
The kinetics determined are significantly different from those of Matsuda et al. 
(1989). The glasses of Matsuda et al. (1989) were extremely silica rich (71-84 wt%. 
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SiO2) which probably explains differences  in their study from those presented here and 
the glasses described by Ducati et al. (1973). The solubility of a noble gas increases with 
SiO2 (Lux, 1987; Matsuda et al., 1989) and as the SiO2 content drops the activation 
energy increases, for a complete discussion of this mechanism see Behrens (2010).  
Glasses this rich in silica are described as a “strong” or highly coordinated liquid and are 
probably a poor analogue for low silica relatively “weak” van der Waals liquid (Angell et 
al., 2000; Debenedetti and Stillinger, 2001; Lubchenko and Wolynes, 2007) which would 
be the result of Apollo 16 composition glass. 
The Ne activation energies for the Apollo 16 glass in this study are slightly lower 
than that of Ducati et al. (1973) from ion implanted Ne in synthetic glass, although they 
are significantly lower than those of their natural impact glasses. This discrepancy may 
be a function of differing chemistry or as the fraction of surface damage is smaller in the 
large Apollo 16 spherules (i.e., lower surface to volume ratio and therefore relatively less 
loss), they may more closely match that of an undamaged synthetic glass. 
The reported Ducati et al. (1973) Ea for ion implanted 
20Ne in synthetic glasses 
are much higher than the Ea from Nereactor diffusion experiments calculated here. This 
discrepancy could be ascribed to differing kinetics between how Nereactor diffuses and 
how implanted Ne diffuses or could be ascribed to diffusion from inhomogeneous Ne in 
Ducati et al. (1973).  
The irradiation of material changing the Ne diffusion kinetics as proposed by 
Stettler and Bochsler (1979) seems unlikely. The shift in decreasing activation energy 
with increasing neutron flux is the opposite of the radiation damage trapping model of 
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Ducati et al. (1973). To achieve similar activation energies (~27 kcal mol-1) for similar 
material (basalt glass) Stettler and Bochsler (1979) require a neutron fluence almost three 
orders of magnitude higher than the fluence during the X11 irradiation. In crystalline 
material, irradiation with very high fluences (~2×1019 n-1 cm2) (Horn et al., 1975; 
McDougall and Harrison, 1999) has been shown to cause structural damage and changes 
in the diffusion properties. This may explain the trend observed by Stettler and Bochsler 
(1979). 
7.0 Conclusions 
 The interpretation of Ne diffusion kinetics in impact glass depends on the answers 
to the questions: 1) Do the data represent two different sets of kinetics in a single glass 
with more retentive SW and less retentive Nereactor or 2) do the differences in accumulated 
natural radiation damage account for the differences in kinetics?  
If the kinetics of Nereactor and NeGCR are similar then NeGCR is an open system 
when on the lunar surface and over long time periods is partially open when glass is 
buried in the lunar regolith. This would imply that 21Ne exposure ages would always 
record an age younger than the true length of exposure on the lunar surface. Nereactor and 
GCR both release gas at high temperatures suggesting similar kinetics. The release of 
these components at high temperatures could also be an artifact from the SW component 
decreasing in concentration with depth and as temperature increases and a greater fraction 
of the gas is from the comparatively GCR rich interior. 
The SW component of Ne will remain closed when buried below the lunar surface 
at -15°C. When exposed at the surface the effective diffusion domain size greatly 
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determines how long it will take to lose 100% of the Ne in a sample, but generally in 
most samples ~100% loss will occur in <100 Myr. The length of time exposed to the 
upper 20mm is a fairly stochastic process, which modeling places limits on although 
exact exposure histories of a specific spherule are impossible to extract. 
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Table 1. Mean Composition of Apollo 16 Glasses 
Na2O 0.23 0.08 
Al2O3 27.03 0.39 
CaO 15.59 0.22 
MgO 7.08 0.4 
FeO 4.98 0.42 
K2O 0.04 0.01 
SiO2 44.38 0.05 
P2O5 0.14 0 
TiO2 0.47 0.09 
MnO 0.08 0.01 
Cr2O3 0.1 0.02 
Total 100.12 0.41 
 
Table 2. Summary of kinetic parameters for Ne isotopes in lunar impact glass. 
Sample and 
Isotope 
Temperature 
Range 
Activation 
Energy (kcal 
mol-1) (±1σ) 
log(D0/a
2) 
(s-1) (±1σ) 
D0 assuming 
grain size equals 
domain size (cm2 
s-1) (±1σ) 
r2 
61503,13_7 - 
20Ne 
225-370°C 38.37 ± 2.38 6.55 ± 0.93 2.41 ± 10.1 x104 0.97 
61503,13_7 - 
21Ne 
225-370°C 37.20 ± 2.19 5.02 ± 0.85 7.13 ± 24.7 x102 0.99 
61503,13_7 - 
22Ne 
225-370°C 38.94 ± 2.39 6.70 ± 0.93 3.41 ± 14.3 x104 0.99 
X11- 20Ne 250-550°C 21.97 ± 0.37 0.92 ± 0.13 1.05 ± 0.32 x10-3 0.99 
X11- 21Ne 250-550°C 25.78 ± 0.34 2.32 ± 0.12 2.64 ± 0.74 x10-2 0.99 
X11- 22Ne 250-550°C 25.08 ± 0.35 2.12 ± 0.12 1.66 ± 0.47 x10-1 0.99 
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Table 3. Diffusion Data for Apollo 16 Impact Glass 61503,13_7 
Temp 
(°C ) 
Heating 
Duration 
(min) 
20Ne 
log(D/a2) 
21Ne 
log(D/a2)
22Ne 
log(D/a2)
175 2880 -11.43 -12.45 -11.52 
200 2880 -10.44 -11.48 -10.53 
225 2880 -10.05 -11.09 -10.14 
250 2880 -9.59 -10.62 -9.67 
275 2880 -9.02 -10.06 -9.08 
300 2880 -8.14 -9.2 -8.19 
335 1440 -7.18 -8.27 -7.22 
370 1440 -6.39 -7.56 -6.43 
405 1440 -5.91 -7.18 -5.95 
455 720 -5.52 -6.82 -5.56 
475 720 -5.45 -6.77 -5.48 
525 720 -5.35 -6.69 -5.39 
575 720 -5.28 -6.62 -5.33 
625 360 -4.91 -6.26 -4.97 
675 360 -4.84 -6.19 -4.91 
725 360 -4.75 -6.1 -4.85 
775 180 -4.34 -5.72 -4.5 
825 180 -4.32 -5.67 -4.49 
875 180 -4.31 -5.63 -4.49 
925 180 -4.28 -5.57 -4.47 
1025 60 -3.76 -5.05 -3.98 
1100 60 -3.73 -4.92 -3.97 
1200 60 -3.65 -4.44 -3.87 
1250 60 -3.49 -3.89 -3.65 
1300 12 -2.76 -3.12 -2.91 
1355 12 -2.75 -2.97 -2.83 
1390 12 -2.73 -2.85 -2.31 
1420 12 -2.31 -2.32 -2.31 
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Table 4. Diffusion Data for Synthetic Tachylite X11 
Temp 
(°C ) 
Heating 
Duration 
(min) 
20Ne 
log(D/a2) 
21Ne 
log(D/a2)
22Ne 
log(D/a2)
250 60 -8.35 -8.52 -8.45 
275 60 -7.74 -7.94 -7.88 
300 60 -7.52 -7.49 -7.42 
325 60 -7.04 -7.08 -7.02 
350 60 -6.84 -6.79 -6.73 
375 60 -6.47 -6.36 -6.33 
400 60 -6.16 -6 -5.97 
425 60 -5.92 -5.69 -5.67 
450 60 -5.67 -5.4 -5.4 
500 60 -5.35 -5.04 -5.06 
525 60 -5.11 -4.78 -4.8 
550 60 -4.94 -4.55 -4.58 
600 60 -4.79 -4.3 -4.34 
650 60 -4.71 -4.06 -4.12 
675 60 -4.68 -3.97 -4.02 
700 60 -4.66 -3.95 -3.98 
950 12 -3.88 n.d. n.d. 
1050 12 -3.86 n.d. n.d. 
1150 12 -3.63 n.d. n.d. 
1250 12 -3.23 n.d. n.d. 
1350 12 -3.14 -3.16 -3.22 
1450 12 n.d. n.d. -3.13 
1500 12 -2.32 -2.32 -2.32 
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Figure 1. Cross sections for Ne producing targets from the ENDF/B-VII.1 library 
(Chadwick et al., 2011) at 300K. Black circles denote the relative energy distribution of 
prompt neutrons (i.e., neutrons generated from the primary fission event of 235U (the fuel 
source in a typical research reactor) without taking into account secondary decays). 
Reactions on 25Mg, 24Mg and 23Na with relatively large cross sections <10 MeV are the 
primary pathways in generating all three neon isotopes during irradiation although small 
amounts of Ne are produced from higher energy neutron reactions. 
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Figure 2. A portion of the chart of the nuclides in which dark grey boxes signify stable 
isotope targets for neutron or spallation reactions, white boxes indicate no reactions 
relevant to Ne occur from reactions on the isotope. The light grey boxes are stable Ne 
isotope products of interest and the isotopes of Ne naturally present in the SW 
component. Blue lines are the fast neutron reaction reactor pathways, solid lines indicate 
pathways which require lower energy neutrons while dashed lines are less probable due 
to the high energy required. Below each isotope is listed the half-life, if radioactive, and 
the percent natural abundance, if stable. 
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Figure 3. Pressure dependent ionization of 40Ar does not appear to play a role over the 
range of partial pressures typically analyzed. As a result a single correction value for the 
40Ar+/40Ar++ ionization efficiency can be used to correct interferences on m/e=20 by 
measuring the 40Ar+ value. 
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Figure 4. Arrhenius plot showing the release of all three Ne isotopes in lunar impact glass 
sample 61503,13_7 over 225-370°C.  Dashed lines represent the linear regression of the 
data over this temperature range.  Thin solid lines represent one sigma uncertainty.  
Within uncertainty 20Ne (green circles), 21Ne (blue triangles), and 22Ne (orange squares) 
all overlap within uncertainty. The dashed black line represents the mean kinetics of all 
three Ne isotopes with solid lines showing one sigma uncertainty. 
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Figure 5. Arrhenius plot showing the release of all three Ne isotopes in tachylite sample 
X11 over 250-500°C.  Dashed lines represent the linear regression of the data over this 
temperature range. Thin solid lines represent one sigma uncertainty. The dashed black 
line represents the mean kinetics of all three isotopes with solid lines showing one sigma 
uncertainty. 
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Figure 6. A three isotope plot of Ne released from 61503,13_7. A mixing trend is 
apparent between SW (Heber et al., 2009) and some other component which releases at 
high temperature. This component cannot be GCR (Wieler, 2002b) so this probably 
represents a mixing line between SW and a reactor generated component.  Error ellipses 
represent one sigma uncertainty assuming a correlation of uncertainty from ratios with a 
common denominator (Dalrymple et al., 1988). 
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Figure 7. A three isotope plot of an irradiated synthetic tachylite with all at or below 
blank values removed. Nearly all of the points cluster around one value, which is taken to 
be the value of Nereactor for this sample composition and reactor position. Since the Mg 
and Na concentrations are similar to lunar glass the Nereactor value will also be similar. 
Error ellipses show one sigma confidence intervals. 
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Figure 8. A schematic illustration of Ne from differing production and implantation 
mechanisms with respect to depth. In this model shallow layers in the sample will be 
saturated with SW Ne.  Only as this shallow saturated zone depletes in SW does the 
21Ne/22Ne value begin to change towards a GCR or Nereactor component. 
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Figure 9. A model predicting the fractional loss of Ne from impact glasses when buried in 
the lunar regolith, based on kinetics from a synthetic tachylite and Apollo 16 impact 
glass. The tachylite shows partial open system behavior over Gyr timescales while the 
Apollo 16 glass shows no such behavior. 
 
 
Chapter 3 - Appendix A
Blank and Interference Corrected Data For Sample 61503,13_7 
Sample 
Step Name
Temp 
(°C )
Time 
(min) 22Ne (cc STP)
22Ne (1σ) 
(cc STP) 21Ne (cc STP)
21Ne (1σ) 
(cc STP) 20Ne (cc STP)
20Ne (1σ) 
(cc STP)
22Ne log 
(D/a2)
21Ne log 
(D/a2)
20Ne log 
(D/a2)
L13_7-01 175 2880 6.66E-12 3.54E-12 2.39E-13 1.89E-14 9.14E-11 5.34E-13 -1.15E+01 -1.24E+01 -1.14E+01
L13_7-02 200 2880 1.42E-11 3.54E-12 4.84E-13 2.96E-14 1.95E-10 8.26E-13 -1.06E+01 -1.15E+01 -1.05E+01
L13_7-03 225 2880 1.18E-11 3.54E-12 4.13E-13 1.70E-14 1.61E-10 9.35E-13 -1.04E+01 -1.13E+01 -1.03E+01
L13_7-04 250 2880 2.33E-11 3.54E-12 8.07E-13 2.65E-14 3.10E-10 1.05E-12 -9.85E+00 -1.08E+01 -9.77E+00
L13_7-05 275 2880 5.32E-11 3.54E-12 1.75E-12 4.00E-14 7.00E-10 1.32E-12 -9.21E+00 -1.02E+01 -9.15E+00
L13_7-06 300 2880 1.92E-10 3.54E-12 6.23E-12 5.66E-14 2.48E-09 3.91E-12 -8.24E+00 -9.26E+00 -8.20E+00
L13_7-07 335 1440 3.22E-10 5.74E-13 1.03E-11 8.39E-14 4.13E-09 3.54E-12 -7.33E+00 -8.39E+00 -7.29E+00
L13_7-08 370 1440 7.72E-10 5.85E-13 2.48E-11 1.44E-13 9.76E-09 9.12E-12 -6.50E+00 -7.65E+00 -6.47E+00
L13_7-09 405 1440 6.92E-10 5.82E-13 2.25E-11 1.28E-13 8.66E-09 6.19E-12 -6.12E+00 -7.42E+00 -6.08E+00
L13_7-10 455 720 1.33E-10 2.64E-13 4.42E-12 5.62E-14 1.57E-09 2.00E-12 -6.28E+00 -7.72E+00 -6.25E+00
L13_7-11 475 720 9.89E-11 2.63E-13 4.14E-12 5.32E-14 1.23E-09 1.93E-12 -6.30E+00 -7.71E+00 -6.24E+00
L13_7-12 525 720 1.19E-10 2.71E-13 6.46E-12 8.36E-14 1.47E-09 1.52E-11 -6.10E+00 -7.48E+00 -6.03E+00
L13_7-13 575 720 7.08E-11 2.69E-13 6.78E-12 7.71E-14 8.66E-10 4.33E-12 -6.19E+00 -7.41E+00 -6.10E+00
L13_7-14 625 360 5.07E-11 1.14E-13 5.61E-12 3.99E-14 6.28E-10 1.42E-12 -5.92E+00 -7.15E+00 -5.79E+00
L13_7-15 675 360 4.80E-11 1.30E-13 6.80E-12 7.37E-14 5.92E-10 1.33E-12 -5.81E+00 -7.03E+00 -5.64E+00
L13_7-16 725 360 4.03E-11 1.28E-13 9.49E-12 7.06E-14 4.87E-10 9.01E-13 -5.73E+00 -6.83E+00 -5.46E+00
L13_7-17 775 180 2.45E-11 1.28E-13 9.30E-12 1.12E-13 2.87E-10 3.87E-13 -5.48E+00 -6.49E+00 -5.02E+00
L13_7-18 825 180 4.07E-12 8.93E-14 5.87E-12 6.43E-14 2.88E-11 3.29E-13 -6.17E+00 -6.64E+00 -5.73E+00
L13_7-19 875 180 3.40E-12 8.19E-14 5.22E-12 5.35E-14 2.27E-11 2.53E-13 -6.22E+00 -6.66E+00 -5.75E+00
L13_7-20 925 180 4.77E-12 1.28E-13 7.35E-12 1.12E-13 3.36E-11 3.00E-13 -6.03E+00 -6.48E+00 -5.46E+00
L13_7-21 1025 60 4.28E-12 7.62E-14 6.13E-12 7.38E-14 3.25E-11 2.65E-13 -5.56E+00 -6.04E+00 -4.80E+00
L13_7-22 1100 60 6.09E-12 1.13E-13 1.79E-11 1.13E-13 1.52E-11 1.59E-13 -5.35E+00 -5.51E+00 -4.91E+00
L13_7-23 1200 60 2.16E-11 3.31E-13 7.27E-11 3.30E-13 2.10E-11 1.97E-13 -4.58E+00 -4.62E+00 -4.40E+00
L13_7-24 1250 60 1.33E-11 2.28E-13 4.60E-11 2.27E-13 6.65E-12 1.59E-13 -4.05E+00 -4.04E+00 -4.02E+00
L13_7-25 1300 12 3.23E-13 2.73E-14 1.03E-12 2.68E-14 1.33E-13 4.95E-14 -3.96E+00 -3.94E+00 -3.90E+00
L13_7-26 1355 12 2.27E-13 2.01E-14 7.32E-13 1.97E-14 1.58E-14 5.87E-14 -3.59E+00 -3.49E+00 -4.57E+00
L13_7-27 1390 12 4.29E-14 1.08E-14 7.47E-14 1.13E-14 4.20E-14 7.16E-14 -3.20E+00 -3.46E+00 -3.95E+00
L13_7-28 1420 12 n.d 3.55E-15 6.92E-15 4.78E-15 3.32E-14 8.77E-14 n.d -3.07E+00 -3.40E+00
Blank and Interference Corrected Data For Sample X11
Sample 
Step Name
Temp 
(°C )
Time 
(min) 22Ne (cc STP)
22Ne (1σ) 
(cc STP) 21Ne (cc STP)
21Ne (1σ) 
(cc STP) 20Ne (cc STP)
20Ne (1σ) 
(cc STP)
22Ne log 
(D/a2)
21Ne log 
(D/a2)
20Ne log 
(D/a2)
X11_01 250 60 2.01E-13 4.13E-14 6.54E-13 2.21E-14 1.37E-13 9.37E-14 -8.45E+00 -8.52E+00 -8.35E+00
X11_02 275 60 1.85E-13 4.31E-14 6.27E-13 2.86E-14 1.38E-13 4.26E-14 -7.88E+00 -7.94E+00 -7.74E+00
X11_03 300 60 2.67E-13 4.42E-14 8.66E-13 3.02E-14 7.80E-14 7.45E-14 -7.42E+00 -7.49E+00 -7.52E+00
X11_04 325 60 3.70E-13 4.02E-14 1.28E-12 2.39E-14 2.60E-13 7.02E-14 -7.02E+00 -7.08E+00 -7.04E+00
X11_05 350 60 4.06E-13 4.53E-14 1.30E-12 3.18E-14 1.58E-13 4.42E-14 -6.73E+00 -6.79E+00 -6.84E+00
X11_06 375 60 8.03E-13 5.05E-14 2.89E-12 3.89E-14 3.87E-13 4.57E-14 -6.33E+00 -6.36E+00 -6.47E+00
X11_07 400 60 1.08E-12 5.88E-14 3.79E-12 4.92E-14 4.71E-13 6.45E-14 -5.97E+00 -6.00E+00 -6.16E+00
X11_08 425 60 1.26E-12 8.43E-14 4.52E-12 7.78E-14 4.99E-13 4.31E-14 -5.67E+00 -5.69E+00 -5.92E+00
X11_09 450 60 1.45E-12 6.22E-14 5.41E-12 5.32E-14 6.50E-13 4.31E-14 -5.40E+00 -5.40E+00 -5.67E+00
X11_10 500 60 2.42E-12 8.57E-14 9.12E-12 7.94E-14 1.10E-12 7.30E-14 -5.06E+00 -5.04E+00 -5.35E+00
X11_11 525 60 2.19E-12 8.38E-14 7.94E-12 8.29E-14 9.92E-13 6.00E-14 -4.80E+00 -4.78E+00 -5.11E+00
X11_12 550 60 1.97E-12 7.17E-14 7.20E-12 7.07E-14 8.35E-13 6.33E-14 -4.58E+00 -4.55E+00 -4.94E+00
X11_13 600 60 2.07E-12 7.56E-14 7.42E-12 7.46E-14 8.24E-13 9.70E-14 -4.34E+00 -4.30E+00 -4.79E+00
X11_14 650 60 1.29E-12 6.58E-14 4.44E-12 6.47E-14 4.20E-13 7.64E-14 -4.12E+00 -4.06E+00 -4.71E+00
X11_15 675 60 3.28E-13 2.58E-14 8.78E-13 2.28E-14 1.51E-13 5.19E-14 -4.02E+00 -3.97E+00 -4.68E+00
X11_16 700 60 9.06E-14 1.94E-14 1.37E-13 1.52E-14 1.22E-13 7.02E-14 -3.98E+00 -3.95E+00 -4.66E+00
X11_17 800 60 n.d n.d n.d n.d n.d n.d n.d n.d n.d
X11_18 950 12 n.d n.d n.d n.d 4.78E-13 5.69E-14 n.d n.d -3.88E+00
X11_19 1050 12 n.d n.d n.d n.d 8.29E-14 4.23E-14 n.d n.d -3.86E+00
X11_20 1150 12 n.d n.d n.d n.d 1.20E-12 9.88E-14 n.d n.d -3.63E+00
X11_21 1250 12 n.d n.d n.d n.d 1.06E-12 1.01E-13 n.d n.d -3.23E+00
X11_22 1350 12 1.10E-13 3.00E-14 3.64E-13 7.59E-14 6.08E-14 1.03E-13 -3.22E+00 -3.16E+00 -3.14E+00
X11_23 1450 12 8.98E-14 2.53E-14 2.78E-13 7.42E-14 n.d n.d -3.13E+00 -2.32E+00 n.d
X11_24 1500 12 5.20E-14 4.34E-14 n.d n.d 3.44E-14 8.92E-14 -2.32E+00 n.d -2.32E+00
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Chapter 3 - Appendix B 
 
 
 
Major element geochemistry of sample 61503,13_7.  All major elements are 
homogeneously distributed including the major target elements for Ne reactions, Mg and 
Na. 
 
 
 
 
 
 
 
   
  147
8.0 References 
Angell, C.A., Ngai, K.L., McKenna, G.B., McMillan, P.F., Martin, S.W., 2000. 
Relaxation in glassforming liquids and amorphous solids. Journal of Applied 
Physics, 88(6): 3113-3157. 
Ashworth, D.G., 1977. Lunar and planetary impact erosion. In: McDonnell, J.A.M. (Ed.), 
Cosmic Dust. J. Wiley, pp. 427. 
Behrens, H., 2010. Noble Gas Diffusion in Silicate Glasses and Melts. Reviews in 
Mineralogy and Geochemistry, 72(1): 227-267. 
Boyd, G.E., Adamson, A.W., Myers, L.S., 1947. The Exchange Adsorption of Ions from 
Aqueous Solutions by Organic Zeolites. II. Kinetics. Journal of the American 
Chemical Society, 69(11): 2836-2848. 
Burkhard, D.J.M., 2001. Crystallization and Oxidation of Kilauea Basalt Glass: Processes 
during Reheating Experiments. Journal of Petrology, 42(3): 507-527. 
Carslaw, H.S., Jaeger, J.C., 1959. Conduction of heat in solids. Oxford University Press, 
510 pp. 
Cassata, W.S., 2011. An isochron approach to 21Ne cosmic ray exposure dating by 
activation with deuteron-deuteron fusion neutrons. Chemical Geology, 284(1-2): 
21-25. 
   
  148
Chadwick, M.B. et al., 2011. ENDF/B-VII.1 Nuclear Data for Science and Technology: 
Cross Sections, Covariances, Fission Product Yields and Decay Data. Nuclear 
Data Sheets, 112(12): 2887-2996. 
Crank, J., 1979. The mathematics of diffusion. Oxford University Press, USA, 414 pp. 
Crozaz, G. et al., 1970. Nuclear track studies of ancient solar radiations and dynamic 
lunar surface processes. In: Levinson, A.A. (Editor), Proceedings of the Apollo 11 
Lunar Science Conference. Pergammon Press, Houston, TX, pp. 2051. 
Dalrymple, G.B., Lanphere, M.A., Pringle, M.S., 1988. Correlation diagrams in 40Ar/39Ar 
dating: Is there a correct choice? Geophysical Research Letters, 15(6): 589-591. 
Debenedetti, P.G., Stillinger, F.H., 2001. Supercooled liquids and the glass transition. 
Nature, 410(6825): 259-267. 
Drozd, R.J., Hohenberg, C.M., Morgan, C.J., Ralston, C.E., 1974. Cosmic-ray exposure 
history at the Apollo 16 and other lunar sites: lunar surface dynamics. Geochimica 
et Cosmochimica Acta, 38(10): 1625-1642. 
Ducati, H., Kalbitzer, S., Kiko, J., Kirsten, T., Müller, H.W., 1973. Rare gas diffusion 
studies in individual lunar soil particles and in artificially implanted glasses. The 
Moon, 8(1): 210-227. 
Durrani, S., Khan, H., Bull, R., Dorling, G., Fremlin, J., 1974. Charged-particle and 
micrometeorite impacts on the lunar surface, Proceedings of the 5th Lunar Science 
Conference, Houston, TX, pp. 2543-2560. 
   
  149
Erents, K., Carter, G., 1967. Investigations into the mechanism of trapping of inert gas 
ions in polycrystalline tungsten. Vacuum, 17(4): 215-218. 
Eugster, O., 2003. Cosmic-ray Exposure Ages of Meteorites and Lunar Rocks and Their 
Significance. Chemie der Erde - Geochemistry, 63(1): 3-30. 
Eugster, O., Herzog, G.F., Marti, K., Caffee, M.W., 2006. Irradiation Records, Cosmic-
Ray Exposure Ages, and Transfer Times of Meteorites. In: Lauretta, D.S., 
McSween, H.Y.J., Binzel, R.P. (Eds.), Meteorites And the Early Solar System II. 
University of Arizona Press, pp. 829-851. 
Fechtig, H., Kalbitzer, S., 1966. The Diffusion of Argon in Potassium-Bearing Solids. In: 
Schaeffer, O.A., Zähringer, J. (Eds.), Potassium Argon Dating. Springer, 
Heidelberg, Germany, pp. 68–107. 
Finkel, R. et al., 1971. Depth variation of cosmogenic nuclides in a lunar surface rock and 
lunar soil, Proceedings of the Lunar Science Conference. M.I.T. Press, pp. 1773. 
Frick, U. et al., 1973. Diffusion properties of light noble gases in lunar fines, Proceedings 
of the Fourth Lunar Science Confrence, pp. 1987-2002. 
Giordano, D., Russell, J.K., Dingwell, D.B., 2008. Viscosity of magmatic liquids: A 
model. Earth and Planetary Science Letters, 271(1-4): 123-134. 
Gosse, J.C., Phillips, F.M., 2001. Terrestrial in situ cosmogenic nuclides: theory and 
application. Quaternary Science Reviews, 20(14): 1475-1560. 
   
  150
Gourbet, L. et al., 2012. Neon diffusion kinetics in olivine, pyroxene and feldspar: 
Retentivity of cosmogenic and nucleogenic neon. Geochimica et Cosmochimica 
Acta, 86(0): 21-36. 
Graf, T., Kim, J.S., Marti, K., Niedermann, S., 1994. Cosmic-Ray-Produced Neon at the 
Surface of the Earth. In: Matsuda, J. (Ed.), Noble Gas Geochemistry and 
Cosmochemistry. Terra Scientific Publishing Company, Tokyo, pp. 115-123. 
Grimberg, A. et al., 2006. Solar Wind Neon from Genesis: Implications for the Lunar 
Noble Gas Record. Science, 314(5802): 1133-1135. 
Hall, C.M., 2007. NeAr Dating: New Dimensions for Ar-Ar Dating Using Nucleogenic 
Neon Isotopes, Eos Trans. AGU, San Fransisco, CA, pp. Fall Meet. Suppl., 
(V32B-04). 
Heber, V.S. et al., 2009. Noble gas composition of the solar wind as collected by the 
Genesis mission. Geochimica et Cosmochimica Acta, 73(24): 7414-7432. 
Hohenberg, C., Davis, P., Kaiser, W., Lewis, R., Reynolds, J., 1970. Trapped and 
cosmogenic rare gases from stepwise heating of Apollo 11 samples, Proceedings 
of the Apollo 11 Lunar Science Confrence, pp. 1283-1309. 
Horn, P., Jessberger, E., Kirsten, T., Richter, H., 1975. 39Ar-40Ar dating of lunar rocks: 
Effects of grain size and neutron irradiation, Proceedings of the 6th Lunar Science 
Confrence, pp. 1563-1591. 
   
  151
Hörz, F., Hartung, J.B., Gault, D.E., 1971. Micrometeorite Craters on Lunar Rock 
Surfaces. Journal of Geophysical Research, 76(23): 5770-5798. 
Housley, R., Cirlin, E., Paton, N., Goldberg, I., 1974. Solar wind and micrometeorite 
alteration of the lunar regolith, 5th Lunar Science Conference, Houston, TX, pp. 
2543-2560. 
Jourdan, F., Verati, C., Féraud, G., 2006. Intercalibration of the Hb3gr 40Ar/39Ar dating 
standard. Chemical Geology, 231(3): 177-189. 
Leya, I., Lange, H.-J., Neumann, S., Wieler, R., Michel, R., 2000. The production of 
cosmogenic nuclides in stony meteoroids by galactic cosmic-ray particles. 
Meteoritics & Planetary Science, 35(2): 259-286. 
Leya, I., Masarik, J., 2009. Cosmogenic nuclides in stony meteorites revisited. 
Meteoritics & Planetary Science, 44(7): 1061-1086. 
Lubchenko, V., Wolynes, P.G., 2007. Theory of structural glasses and supercooled 
liquids. Annual Review of Physical Chemistry, 58: 235-266. 
Lux, G., 1987. The behavior of noble gases in silicate liquids: Solution, diffusion, 
bubbles and surface effects, with applications to natural samples. Geochimica et 
Cosmochimica Acta, 51(6): 1549-1560. 
Marrocchi, Y. et al., 2009. Neon isotopic measurements using high-resolution, 
multicollector noble gas mass spectrometer: HELIX-MC. Geochemistry 
Geophysics Geosystems, 10(4): Q04015. 
   
  152
Masarik, J., Nishiizumi, K., Reedy, R.C., 2001. Production rates of cosmogenic helium-3, 
neon-21, and neon-22 in ordinary chondrites and the lunar surface. Meteoritics & 
Planetary Science, 36(5): 643-650. 
Matsuda, J.-I., Matsubara, K., Yajima, H., Yamamoto, K., 1989. Anomalous Ne 
enrichment in obsidians and Darwin glass: Diffusion of noble gases in silica-rich 
glasses. Geochimica et Cosmochimica Acta, 53(11): 3025-3033. 
McDougall, I., Harrison, T.M., 1999. Geochronology and Thermochronology by the 
40Ar/39Ar Method. Oxford University Press, USA, 269 pp. 
McDougall, I., Wellman, P., 2011. Calibration of GA1550 biotite standard for K/Ar and 
40Ar/39Ar dating. Chemical Geology, 280(1-2): 19-25. 
Merrihue, C., Turner, G., 1966. Potassium-Argon Dating by Activation with Fast 
Neutrons. Journal of Geophysical Research, 71(11): 2852-2857. 
Michel, R., Dragovitsch, P., Cloth, P., Dagge, G., Filges, D., 1991. On the production of 
cosmogenic nuclides in meteoroids by galactic protons. Meteoritics, 26: 221-242. 
Niedermann, S., Graf, T., Marti, K., 1993. Mass spectrometric identification of cosmic-
ray-produced neon in terrestrial rocks with multiple neon components. Earth and 
Planetary Science Letters, 118(1-4): 65-73. 
Reichenberg, D., 1953. Properties of Ion-Exchange Resins in Relation to their Structure. 
III. Kinetics of Exchange. Journal of the American Chemical Society, 75(3): 589-
597. 
   
  153
Renne, P.R., Mundil, R., Balco, G., Min, K., Ludwig, K.R., 2010. Joint determination of 
40K decay constants and 40Ar*/40K for the Fish Canyon sanidine standard, and 
improved accuracy for 40Ar/39Ar geochronology. Geochimica et Cosmochimica 
Acta, 74(18): 5349-5367. 
Ryan, M.P., Sammis, C.G., 1981. The Glass Transition in Basalt. Journal of Geophysical 
Research, 86(B10): 9519-9535. 
Schäfer, J.M. et al., 1999. Cosmogenic noble gas studies in the oldest landscape on earth: 
surface exposure ages of the Dry Valleys, Antarctica. Earth and Planetary Science 
Letters, 167(3–4): 215-226. 
Shuster, D.L., Flowers, R.M., Farley, K.A., 2006. The influence of natural radiation 
damage on helium diffusion kinetics in apatite. Earth and Planetary Science 
Letters, 249(3-4): 148-161. 
Stettler, A., Bochsler, P., 1979. He, Ne and Ar composition in a neutron activated sea-
floor basalt glass. Geochimica et Cosmochimica Acta, 43(1): 157-169. 
Taylor, S.R., 1982. Planetary Science: A Lunar Perspective. Lunar and Planetary 
Institute, Houston, TX, 481 pp. 
Vasavada, A.R. et al., 2012. Lunar equatorial surface temperatures and regolith properties 
from the Diviner Lunar Radiometer Experiment. Journal of Geophysical 
Research, 117: E00H18. 
   
  154
Walker, R.M., 1975. Interaction of Energetic Nuclear Particles in Space with the Lunar 
Surface. Annual Review of Earth and Planetary Sciences, 3(1): 99-128. 
Walker, R.M., 1980. The nature of the fossil evidence: Moon and meteorites. In: Pepin, 
R.O., Eddy, J.A., Merrill, R.B. (Editors), Proceedings of the Conference on the 
Ancient Sun: Fossil Record in the Earth, Moon, and Meteorites. Pergamon Press, 
pp. 11-28. 
Wieler, R., 2002a. Cosmic-Ray-Produced Noble Gases in Meteorites. Reviews in 
Mineralogy and Geochemistry, 47(1): 125-170. 
Wieler, R., 2002b. Noble Gases in the Solar System. Reviews in Mineralogy and 
Geochemistry, 47(1): 21-70. 
Wieler, R., Grimberg, A., Heber, V.S., 2007. Consequences of the non-existence of the 
“SEP” component for noble gas geo-and cosmochemistry. Chemical Geology, 
244(3–4): 382-390. 
Zinner, E., 1980. On the consistency of solar particle fluxes from track, 
thermoluminescence and solar wind measurements in lunar rocks. In: Pepin, R.O., 
Eddy, J.A., Merrill, R.B. (Editors), Proceedings of the Conference on the Ancient 
Sun: Fossil Record in the Earth, Moon and Meteorites. Pergamon Press, pp. 201-
226. 
   
  155
Biographical Data 
 
NAME OF AUTHOR: David Jacob Gombosi 
PLACE OF BIRTH: Newton, Massachusetts 
DATE OF BIRTH: September 24, 1983 
 
EDUCATION 
May 2013:  Ph.D., Geology, Syracuse University, Syracuse, NY 
December 2008: M.S., Geology, University of South Carolina, Columbia, SC 
June 2006:  B.S. Geology, Union College, Schenectady, NY 
 
PROFESSIONAL EXPERIENCE 
2010-present NASA Research Fellow/PhD Candidate at Syracuse University 
Summer 2010 Intern at ExxonMobil’s Upstream Research Lab 
2009-2010 Teaching Assistant, Syracuse University 
2007-2008 Research Assistant, University of South Carolina 
2006-2007 Instructional Assistant, University of South Carolina 
 
JOURNAL PUBLICATIONS 
Gombosi, D.J., Wilkinson, B.H., 2012. Global Rates of Geologic Cycling: Tectonic 
Diffusion of Upper Crustal Lithosomes. The Journal of Geology, 120(2): 121-133. 
 
Barbeau, D.L, Davis, J., Murray, K.E., Valencia, V., Gehrels, G.E., Zahid, K.M., 
Gombosi, D.J., 2010. Detrital-zircon geochronology of the metasedimentary rocks of 
north-western Graham Land. Antarctic Science, 22(01): 65-78. 
 
Gombosi, D., J., Barbeau, D., L., Garver, J., I. , 2009. New thermochronometric 
constraints on the rapid Palaeogene exhumation of the Cordillera Darwin complex and 
related thrust sheets in the Fuegian Andes. Terra Nova, 21(6): 507-515. 
 
Barbeau, D.L., Gombosi, D.J., Zahid, K.M., Bizimis, M., Swanson-Hysell, N., Valencia, 
V., and Gehrels, G.E., 2009. U-Pb zircon constraints on the age and provenance of the 
Rocas Verdes basin fill, Tierra del Fuego, Argentina. Geochemistry Geophysics 
Geosystems, 10. 
 
GRANTS AND AWARDS (LAST SEVEN YEARS) 
2012  Syracuse University Student Publication Award 
2011  Syracuse Earth Science Chair’s Award 
2010  NASA Earth and Space Sciences Fellowship 
2010  Syracuse University Student Publication Award 
2008  Syracuse University Graduate Fellowship 
2008  Stephen F. Taber Award for Outstanding Graduate Teaching 
2006  University of South Carolina, Geological Sciences Scholarship 
2006 Sigma Xi Senior Research Award 
2006  Union College Dean’s List  
